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Notational Conventions 


Author's note: The design of a MEMS device involves multiple domains of engineering and 
physics. Symbols and notations have evolved independently in these domains and may overlap 
with one another. For example, the symbol J corresponds to current density in electrical engi- 
neering and torsional moment of inertia in mechanical engineering. The symbol e often means 
permitivity to electrical engineers and mechanical strain to mechanical engineers. In this book, 
a symbol may represent several different variables. The exact correlation depends on the specific 
circumstance of use. I chose against inventing a notation system with no overlap. A lineage of 
use to different fields is purposefully maintained. 


acceleration M,* effective mass of holes 

volumetric expansion coefficient n concentration of electrons 

temperature coefficient of resistance (TCR) v Poisson’s ratio 

Seebeck coefficient of a single material v kinematic viscosity 

magnetic field density Na concentration of donor atoms 

linear expansion coefficient Nq* concentration of ionized donor atoms 
concentration N, concentration of acceptor atoms 

elements of the stiffness matrix N, concentration ionized acceptor atoms 
damping coefficient nN, concentration of electrons under equilibrium 
critical damping coefficient Nn; concentration of electrons in intrinsic material 
heat capacity p concentration of holes 

magnetic susceptibility Po concentration of holes under equilibrium 
diffusivity Pi concentration of holes in intrinsic material 
electric displacement Tij component of the piezoresistance tensor 
elements of piezoelectric coefficient matrix q electric charge 

shear strain q” thermal conduction rate 

bandgap R resistance 

Modulus of elasticity, Young’s modulus Re Reynolds number 

Electric field r radius of curvature 

permitivity, relative permitivity, dielectric constant R, n thermal resistance 

radiative emissivity p resistivity 

force Ps sheet resistivity 

resonant frequency Pm thermal resistivity 

shear modulus of elasticity sh specific heat 

gauge factor Sj elements of the compliant matrix 
magnetic field intensity s strain 

Planck constant Si elements of the strain tensor matrix 
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convective heat transfer coefficient 
current 

moment of inertia 

current density 

torsional moment of inertia 
force constant 

Boltzmann constant 

thermal conductivity 

length or characteristic length 
moment or torque 

mass 

mobility of charge carriers 
magnetic permeability 
dynamic viscosity 

effective mass of electrons 


eT qnyy was 


= 
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electrical conductivity 
normal stress 
Stefan-Boltzmann constant 
torsion stress, shear stress 
fluid shear stress 

moment or torque 
temperature 

elements of the stress tensor matrix 
stored electrical energy 
distance of undercut 
voltage 

pull in voltage 

frequency 

resonant frequency 
damping ratio 
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Preface 


Five years have passed since the first edition of this book was published. Over the five years, the 
world has witnessed a technological revolution headlined by an array of exciting consumer and 
industrial products such as the Nintendo Wii, Apple iPod/iPad, sensor-rich smart phones, 
phones with cameras, new operating systems for mobile phones and apps, e-books, WiFi, voice- 
over-IP calls, social networking, 3D animated movies, and cloud computing, to name the major 
ones that affect everyday living. These new entries were practically nonexistent in the main 
stream when the first edition of this book was published in 2005. World news in 2010 is domi- 
nated by such themes as alternative energy, scarcity of resources, manufacturing outsourcing, 
budget and credit crisis, economic growth in some parts of the world, and reforms in financial 
management, health care, and education. 

This book has been warmly welcomed since its first edition. It is adapted in over 50 univer- 
sities world wide, and has been translated into three international editions (simplified Chinese, 
traditional Chinese, and Korean). In preparing for the second edition, I am very encouraged by 
feedback from editors, students, and teachers who use this book. The objectives of the second 
edition are the following: 


1. To strengthen the book’s discussion about MEMS design, processing, and materials. 


2. To update course materials by including new insights and new developments. Many changes 
have happened in the MEMS field. New ideas, new capabilities, and new case studies of 
product successes are available today. This book reflects these new trends in development. 


3. To enrich this book by providing new homework problems, updated examples, figures, etc. 


= 


. To correct known mistakes. 


5. To provide an enduring infrastructure to support teaching activities and MEMS educa- 
tion to a broader audience. 


Readers will find the following major update features: 


New contents, concepts, and insight. The MEMS field has changed dramatically in the past five 
years. This book captures new contents (generated in academia and industry), new concepts 
(e.g., packaging and integration), and insights. This should provide more value for the reader. 


New homework problems. New homework problems have been added to facilitate teaching 
and student learning. Homework solutions can be provided to teachers upon request. 


Added analytical examples for design and process selection. This new edition provides 
teachers with new materials to discuss design and process analytically. 


New beginner-friendly materials for teaching processes. Beginning students may be amazed 
by the array of processing-related information. A number of new tables are provided to make it 
easier for students to climb the learning curve. These tables (in the appendix section) provide 
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first-time students a simplified summary of the most commonly encountered materials and 
etching methods. An easy-to-understand table summarizing their interactions is also provided. 


Deeper case studies added to challenge the readers understanding about the subject. The 
overall structural of the book is maintained. A new chapter (Chapter 15) is added, dealing with 
in-depth case discussion of successful MEMS products in the market place. I believe these 
commercialized MEMS devices, conceived for and tested in the real-life business world, are 
good examples to illustrate principles of design, fabrication, and integration. A discussion of 
most essential fabrication technology is added in Chapter 2. The discussion is meant to provide 
essential and qualitative review of processing methods. Other changes can be found in various 
chapters, especially Chapters 1,2, and 12. 


A new dedicated companion Web site for teachers and students. The Web site is a permanent 
home to the book and will serve the readers of this book in the new era of internet and online 
communication. On this Web site, a reader can find supplemental chapters, supplemental 
teaching materials, links to resources pertaining to the MEMS field, and errata. Teachers will 
find teaching aid materials such as PowerPoint files, figures, homework solutions, etc. The Web 
site serves a number of important purposes. It is originally driven by the desire to not make this 
book too large while still maintain its ability to satisfy a varied audience. It will help the user 
community in a way that is more enduring than a single print. 


The Web site dedicated to this book is www.memscentral.com. 


Chapter line-up and flow is streamlined. The chapter on optical MEMS is now moved to the 
Web site as a supplement. This and other chapters dealing with specialty topics (such as RF 
MEMS, BioMEMS) will be hosted in the Web site so that I can keep the book small and still 
satisfy the needs of teachers who wish to discuss about these exciting areas in class. Moving the 
chapters to the Web site also makes it possible to update frequently. 


May the MEMS field continue to grow! I hope you enjoy reading and using this book. 
CHANG LIU 


Evanston, IL 
September 2010 


To My Family— Lu, Sophia, Alina, and Our Parents 
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A Note to Instructors 


This section is intended to communicate with instructors who use this book to teach a body of 
students at undergraduate or graduate school levels. It summarizes my thoughts on selection 
and ordering of materials. I hope it helps instructors fully utilize this book and teach the subject 
of MEMS effectively. 

Materials in this book are presented in a way to facilitate the teaching of MEMS to 
beginners and to an interdisciplinary body of readers. During the writing process, I strove to 
maintain a balanced approach. 

First and foremost, this book balances the needs of readers and students from a variety of 
backgrounds. This book is written for an interdisciplinary body of readers and is meant to intel- 
lectually satisfy and challenge every student in a classroom, no matter what his or her back- 
ground is. Two extreme feelings of students and readers — boredom when a familiar subject is 
repeated in detail and frustration when an unfamiliar subject is not covered sufficiently — 
should be avoided at all times. To minimize the initial learning curve, only the most vital vocab- 
ulary and the most frequently used concepts are introduced. 

Secondly, this book presents balanced discussions about design, fabrication, and materi- 
als, the three pillars of the MEMS knowledge base. Modular case studies are carefully selected 
to exemplify the intersection of design, materials, and fabrication methods. An instructor may 
select alternative cases to append to the existing collection. 

Third, this book balances practicality and fundamentals. Fundamental concepts are ex- 
plained and exemplified through text, examples, and homework assignments. Practical and ad- 
vanced topics related to materials, design, and fabrication are discussed in paragraph-length 
mini reviews—which are detailed but with their length kept to a minimum to avoid distracting 
readers’ attention. I hope this will encourage and facilitate students and instructors who may 
wish to follow reference leads and explore topics beyond classroom discussions. For the 
reader’s benefit, the references cited in this book are primarily from archival journals and mag- 
azines, and therefore, are easily accessible. 

This book attempts to provide a logical build-up of knowledge as it progresses from chap- 
ter to chapter. A number of important topics, such as mechanical design and fabrication, are 
discussed in several passes. In terms of design concept, an instructor can lead students through 
three steps: (1) learn basic concepts; (2) observe how they are used in real cases; (3) learn to 
apply the design methods to homework problems or practical applications. In terms of fabrica- 
tion, three steps can be followed as well: (1) observe how processes work in examples and crit- 
ically analyze processes discussed in the case studies; (2) build detailed knowledge base of 
processes in a systematic framework; (3) synthesize processes in homework problems and for 
various applications. 

Chapters are presented in a modular fashion. Readers and instructors may follow different 
routes depending on background and interest. For example, one may choose to review in-depth 
information about microfabrication (Chapters 10 and 11) before covering transduction principles 
(Chapters 4 through 9). 
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A challenge I faced when writing this book was how to integrate a rich body of existing 
work with many points of innovation without making the book cluttered and focus-less. In 
other words, a student should feel the excitement of innovation without being diverted from a 
sense of focus. The contents of this book are organized in the following way to achieve this aim. 
In the first twelve chapters, I shall review a number of representative applications (cases), with 
the selection being consistent throughout the chapters to provide a basis for comparison. When 
a chapter deals mainly with a transduction principle for sensing, I discuss inertia sensors (in- 
cluding acceleration sensors and/or gyros), pressure sensors (including acoustic sensors), flow 
sensors, and tactile sensors, in that order, along with examples—if good examples are available. 
These four sensor topics have been carefully chosen out of many possible applications of 
MEMS. Inertia and pressure sensors are well-established applications of MEMS. Many good 
research articles are available, with comprehensive coverage of integrated mechanics and elec- 
tronics. Flow sensors generally involve different physical transduction principles, designs, and 
characterization methods than inertia and pressure sensors. Tactile sensors must offer robust- 
ness better than the three other sensor types and, therefore, will necessitate discussions of 
unique materials, designs, and fabrication issues. When a chapter deals with a transduction prin- 
ciple that is mainly used for actuation, I discuss one case of an actuator with small displace- 
ments (linear or angular) and another case of an actuator with large displacements, in that 
order, along with examples—if proper examples are available. 

I believe the best way to learn a subject is through examples and guided practices. This 
book offers a large selection of examples and problems for students. 

Homework problems cover not only design and the use of equations. Many aspects of 
MEMS, including the selection of materials and processes, are beyond the description of math- 
ematical formula. Many homework problems are designed to challenge a student to think crit- 
ically about a fabrication process, to review literature, and to explore various aspects of MEMS, 
either individually or in small cooperative groups. 

There are four types of homework exercises — design, review, fabrication, and challenges. A 
design type problem helps a student gain familiarity with formulae and concepts for designing 
and synthesizing MEMS elements. A review type problem requires a student to search for infor- 
mation outside of the textbook to gain wider and deeper understanding of a topic. A fabrication 
type problem challenges a student to think critically about various aspects of a fabrication 
process. For example, a student may be required to develop and demonstrate true understanding 
of a process by illustrating it down to fine details, or by devising and evaluating alternative ap- 
proaches. A challenge type problem stimulates the competitive edge within students. It provides 
students with opportunities to think at an integrative level by considering many aspects, includ- 
ing physics, design, fabrication and materials. A challenge type problem may be a competitive, 
research-level question without existing answers, at least at the time of this writing. 

Success in science and technology takes more than technical expertise in a narrow area. 
To successfully conduct MEMS research and product development requires knowledge, skills, 
insight, and resources that no single person can amass alone. Teaming and collaboration is es- 
sential for executing a project or building a career. Many homework problems in this textbook 
are team based—they encourage student to work together in interdisciplinary teams. I believe 
that teamwork at this stage will enhance their learning experiences through social and techni- 
cal interactions with other fellow students and prepare them for their success in future careers. 

I hope you will enjoy this book. 
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Introduction 


PREVIEW 


This chapter will present a broad overview of the MEMS field, along with basic vocabularies 
and concepts necessary for ensuing discussions on topics including design, fabrication, materi- 
als, and applications of MEMS. 

In Section 1.1, a reader will have an opportunity to learn about the history of the MEMS 
field as well as future promises of MEMS. An understanding of the timing and circumstances 
under which MEMS technology was initiated will help a reader appreciate many characteristics 
of the technology. Such intrinsic characteristics are summarized in Section 1.2. 

A large portion of MEMS applications involves sensors and actuators, collectively known 
as transducers. (The remaining MEMS applications involve passive microstructures that are 
not actively addressed or controlled.) In Section 1.3, a reader will be exposed to a broad range 
of concepts and practices of energy and signal transduction. A reader will learn what the most 
important performance metrics are when developing sensors and actuators. 

I will discuss fundamental microfabrication methods for MEMS in Chapter 2. 


THE HISTORY OF MEMS DEVELOPMENT 


From the Beginning to 1990 


The integrated circuit (IC) technology is the starting point for discussing the history of MEMS. 
The transistor, an electronics switching device invented in 1947 at the AT&T Bell Laboratories, 
unleashed a revolution in communication and computing. In 1971, the then state-of-the-art 
Intel 4004 chip consisted of only 2250 transistors. Intel 286 and Pentium III processors, unveiled 
in 1982 and 1999, had 120,000 and 24 million transistors, respectively. IC technology developed 
with a level of fierceness rarely matched in other fields. The density of transistor integration has 
increased by two-fold every 12 to 18 months, following the Moore’s Law [1] after an observation 
made by Gordon Moore, one of the cofounders of the Intel Corporation. This is a remarkable 
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feat of ingenuity and determination because, at several points in the past several decades, there 
were deep concerns that the trend predicted—and in some sense, mandated—in the Moore’s 
Law would not continue but run into limits imposed by fundamental physics or engineering ca- 
pabilities at the time. Engineers in the semiconductor industry prevailed over many seemingly 
impossible technical barriers to keep the Moore’s Law going. 

The microfabrication technology is the engine behind functional integration and minia- 
turization of electronics. Between the early 1960s to the middle of 1980s, the fabrication tech- 
nology of integrated circuits rapidly matured after decades of research following the invention 
of the first semiconductor transistor [2]. Many scientific and engineering feats we take for 
granted today will not be here without the tremendous pace of progress in the area of 
microfabrication and miniaturization. The list includes the exponentially growing use of com- 
puters and the Internet, portable electronics, cellular telephony, digital photography (capturing, 
storing, transferring, and displaying), flat panel displays, plasma televisions, disk memory, solid- 
slide drives, bioinformatics (e.g., sequencing the entire human genome with 3 billion base pairs) 
[3], rapid DNA sequence identification [4], the discovery of new materials and drugs [5], and 
digital warfare. 

The field of MEMS evolved from the integrated circuit industry. The germination of 
the MEMS field covers two decades (from the mid 1960s to 1980s), when sparse activities 
were carried out. For example, anisotropic silicon etching was discovered to sculpture three- 
dimensional features into otherwise planar silicon substrates [6]. Crucial elements of micro 
sensors, including piezoresistivity of single crystalline silicon and polycrystalline silicon, 
were discovered, studied, and optimized since 1954 [7-9]. In 1967, Harvey Nathanson at 
Westinghouse introduced a new type of transistor and resonator called the resonant gate 
transistor (RGT) [10]. Unlike conventional transistors, the gate electrode of the RGT was 
not fixed to the gate oxide but was movable with respect to the substrate, with the distance 
between the gate and the substrate controlled by electrostatic attractive forces. The RGT 
was perhaps the earliest demonstration of micro electrostatic actuators. At this stage, the 
name of the field had yet to be coined. However, both bulk micromachining and surface mi- 
cromachining technologies were rapidly maturing [11-13]. Several pioneering researchers in 
academic and industrial laboratories [14] began to use the integrated circuit processing 
technology to make micro mechanical devices, including cantilevers, membranes, channels, 
and nozzles. 

Several early companies took advantage of piezoresistive transducer effects of silicon to 
satisfy the needs of the automotive industry (e.g., manifold absolute pressure sensors and auto- 
motive crash sensors) and the medical industry (e.g., low-cost disposable blood pressure sensors). 
In the 1970s, Kurt Petersen at the IBM research laboratory, along with other colleagues, devel- 
oped diaphragm-type silicon micromachined pressure sensors. Very thin silicon diaphragms 
with embedded piezoresistive sensors were made using silicon bulk micromachining. The di- 
aphragm deforms under differential pressures, inducing mechanical stress that was picked up 
by the piezoresistors. The thin diaphragm allowed greater deformation under a given pressure 
differential, hence achieving greater sensitivity compared with conventional membrane-type 
pressure sensors. New etching technologies were used to guarantee uniformity and realize high 
yield. The sensors could be micromachined in batch, thereby reducing the costs of individual 
units to satisfy the needs of the medical industry. More details about the design and fabrication 
of this pressure sensor can be found in Chapter 15. 
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Today, micromachined pressure sensors are built with a variety of structures and fabrica- 
tion methods. These sensors can be based on capacitive [15], piezoelectric [16], piezoresistive 
[17], electronics resonance [18], and optical detection [19] techniques. Advanced features for 
integrated pressure sensors include built-in vacuum for absolute pressure measurement [15], 
integrated telemetry link [20], close-loop control [21], insensitivity to contaminants [22], 
biocompatibility for integration into micro medical instruments [23], and use of non-silicon 
membrane materials (e.g., ceramics, diamonds) for functioning in harsh and high temperature 
environments [18, 24, 25]. 

Ink jet printers offer a low-cost alternative to laser jet printing and nowadays provide 
affordable color photographic-quality printing. Canon discovered ink jet by thermal bubble 
formation (bubble jet), whereas Hewlett-Packard pioneered the technology of silicon micro- 
machined ink jet printer nozzles in 1978. Arrays of ink jet nozzles eject tiny ink droplets 
(“drop on demand”), upon expansion of liquid volume by thermally generated bubbles (see 
Figure 1.1). The collapse of the bubble draws more ink into the ink cavity for the next firing. 
Color ink jet printing is achieved by dropping primary subtractive color dyes—cyan, magenta, 
and yellow (CMY). 

Silicon micromachining technology played an enabling role for the ink jet printing tech- 
nology [26-28]. Using silicon micromachining, ink-ejection nozzles can be made extremely 
small and densely populated, an important trait for realizing high printing resolution and sharp 
contrast. Small-volume cavities with equally small heaters mean rapid temperature rise (during 
ink ejection) and fall, allowing ink jet printing to reach appreciable speed. In 1995, the number 
of nozzles per cartridge has increased to 300 while the average weight of ink droplet is only 
40 ng. In 2004, ink jet heads are based on a variety of principles, including thermal, piezoelec- 
tric, and electrostatic forces. The volume of each drop is on the order of 10 pl, with resolution as 
high as 1000 dpi reached [29]. Many ink jet printers on the market today are based on the thermal 
ink jet principle and dispense heat-resistant dyes. Alternative ink jet principles are also possible. 
Epson-brand ink jet printers, for example, use piezoelectric ink jet technology and special ink 
dyes (since they do not have to be heat resistant). The inks for piezoelectric ink jet printers dry 
more quickly to minimize spreading on paper and therefore produce greater resolution. 

Today, ink jet printers compare favorably with laser jet printing. Ink jet printers are gen- 
erally cheaper although the cost of replacing ink cartridges makes ink jet printing more expen- 
sive to own and use over long periods of time. The ink jet technology is being applied beyond 
text and photo printing. It is now used for direct deposition of organic chemicals [30], elements 
for organic transistors [31], and biological molecules (such as building blocks of DNA mole- 
cules) [32, 33]. Rapid progress is being made in the area of ink jet printing and making of ink jet 
heads [34], though most advances are never published in public domain. 

In the late 1980s, researchers in the nascent field called micromachining mainly focused 
on the use of silicon—either bulk silicon substrate (single crystalline silicon) or thin film 
silicon (polycrystalline silicon). These two forms of silicon were readily accessible as they 
were used heavily in the integrated circuit industry: bulk silicon is used as the substrate of 
circuitry, while polycrystalline silicon is used for making transistor gates. Three-dimensional 
mechanical structures, such as suspended cantilevers or membranes, can be made out of bulk 
silicon or thin film silicon. In 1984, Petersen published a seminal paper titled “Silicon as a 
mechanical material” [11]. This paper was (and still is) widely quoted in the 1990s as the field 
expanded rapidly. 
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FIGURE 1.1 


Micromachined ink jet printer nozzles. (Top) 
Schematic side-view of an ink jet chip with fluid 
nozzles. (Middle and Bottom) Close-up view of 
a commercial inkjet printer head, and the silicon 
chip consisting of many nozzles. Integrated 
circuits on chips control nozzle firing. 
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The use of thin film silicon leads to surface micromachined mechanisms including springs, 
gear trains, and cranks, to name a few. In 1989, a first silicon surface micromachined micromo- 
tor driven by electrostatic forces was demonstrated by researchers at the University of California 
at Berkeley [35]. A polysilicon rotor, less than 120 um in diameter and 1 um thick, was capable 
of rotating at a maximum speed of 500 rpm under a three-phase, 350 V driving voltage. This 
motor, though with limited application at that time, brought the excitement of MEMS to the 
broader scientific community and the general public. Micro rotary motors based on different 
actuation principles, covering a wider range of scales (even down to nanometers), and with 
much greater achievable torque and power have been demonstrated since then [36, 37]. 

A few years later, the phrase Micro Electro Mechanical Systems — MEMS —was intro- 
duced. It gradually became an internationally accepted name of the field. (In some parts of the 
world, the term Micro Systems is also widely used.) This name captured the scale (micro), prac- 
tice (electro-mechanical integration) and aspiration (systems) of the new field. Two subtle facts 
often elude beginning readers: (1) Many research results and products of MEMS technology 
are indeed components within a bigger system (e.g.,a MEMS accelerometer is a part of the 
crash detection system of an automobile); (2) The phrase embodies both a unique machining 
and manufacturing approach (micromachining), and a new format of devices and products. 


From 1990 to 2001 


In the 1990s, the field of MEMS entered a period of rapid and dynamic growth worldwide. Gov- 
ernment and private funding agencies in many countries throughout the world funded and sup- 
ported focused research activities. Early research efforts at several companies started to bear 
fruits. Most notable success examples include the integrated inertial sensors by Analog Devices 
for automotive air-bag deployment and the Digital Light Processing chip by Texas Instruments 
for projection display. These two applications are discussed in the following paragraphs. 

The ADXL series accelerometer made by Analog Devices Corporation consists of a sus- 
pended mechanical element and signal-processing electronics integrated on the same substrate. 
The initial development targeted the automotive market [38]. The accelerometer monitors 
excessive deceleration and initiate air-bag deployment in the event of a life-threatening colli- 
sion. The mechanical sensing element is a free-moving proof mass suspended by four support 
springs (Figure 1.2). Movable electrodes in the form of interdigitated fingers are attached to the 
proof mass. The fixed and moving electrodes form a bank of parallel-connected capacitors, with 
the total capacitance depending on the distance between the moving and fixed fingers. If an ac- 
celeration (a) is applied to the chip, the proof mass (with mass m) will move under an inertia 
force (F = ma) against the chip frame. This changes the finger distances and therefore the total 
capacitance. The minute amount of capacitance change is read using on-chip signal processing 
electronics. The integration of mechanical elements and electronics is critical for reducing 
interference noises (stemming from stray electromagnetic radiation) and avoiding parasitic 
capacitance associated with otherwise long conductor leads. 

MEMS technology offers significant advantages over then existing, macroscopic electro- 
mechanical sensors, mainly in terms of high sensitivity and low noise. The MEMS approach also 
decreases the costs of ownership of each sensor, mainly by eliminating manual assembly steps 
and replacing them with parallel batch fabrication. Part of the history of Analog Device’s 
development of the accelerometer is used as case studies in business schools [39]. 
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Mechanical elements of an integrated accelerometer. (Left) The proof mass is at an equilibrium 
position without acceleration; (right) The proof mass moves relative to the fixed fingers under an 
applied acceleration. 


Today, one can find a variety of micromachined acceleration sensors on the market based 
on a number of sensing principles and fabrication technologies. Accelerometers based on ca- 
pacitive sensing [40, 41], piezoresistivity [42], piezoelectricity [43], optical interferometry [44] 
and thermal transfer [45, 46] have been demonstrated. Advanced features include integrated 
three axis sensing [47], ultrahigh sensitivity (nano-g) for monitoring seismic activities [48, 49], 
increased reliability by eliminating moving mass [46], and integrated hermetic sealing for long- 
term stability [50]. 

The technology that produces the accelerometer can be modified to realize rotational ac- 
celeration sensors, or gyroscopes [51]. Inertial Measurement Units (IMUs) refers to integrated 
motion sensor packages with sufficiently high sensitivity of linear acceleration and rotational 
speeds for navigational purposes. Due to their small sizes, MEMS inertia sensors can be inserted 
into tight spaces and enable novel applications, including smart writing instruments (e.g., smart 
pens that detect and transmit hand writing strokes to computers for character recognition), virtual 
reality headgears, computer mouse (Gyro mouse), electronic game controllers, running shoes 


1.1 The History of MEMS Development 7 


rest 


anchor 
reflective ov OV 
mirror incoming 
light beam reflected 
light beam 
i right tilt 
| mirror E 
A A’ ov 5V 
reflected incoming 
torsional light beam light beam 
h support 
Sre H pE left tilt 
5V OV 
FIGURE 1.3 


Diagrams illustrating the structure and operating principles of a single DMD mirror. 


that calculate the actual distance of running, and portable computers that stops the spinning of 
hard disks if the computer is accidentally dropped. As of 2010, the worldwide market of accel- 
eration sensor is dominated by a number of highly innovative companies: STMicroelectronics, 
Freescale, Analog Devices, Robert Bosch, InvenSense, and MEMSIC (see Appendix 7). 

In the information age, still images and videos are generated, distributed, and displayed 
in an all-digital manner to maximize quality and lower the distribution cost. Projection display 
is a powerful tool for digital multimedia presentation, movie theaters, and home entertain- 
ment systems. Traditional projection displays are analog in nature, based on liquid crystal dis- 
play (LCD) technology. The Digital Light Processor (DLP) of Texas Instruments is a 
revolutionary digital optical projector [52, 53]. It consists of a light-modulating chip with more 
than 100,000 individually addressable micromirrors, called digital micro mirrors (DMD). Each 
mirror has an area of approximately 10 x 10 um? and is capable of tilting by +7.5°. The mirror 
array is illuminated by a light source. Each mirror, when placed at a correct angle, reflects light 
towards the screen and illuminates one pixel. An array of such mirrors can form an image on a 
projection screen. 

The schematic diagram (top view) of an individual mirror is shown in Figure 1.3. A mirror 
plate is supported by two torsional support beams and can rotate with respect to the torsion 
axis. According to the cross-sectional view (along A-A’ line), electrodes are located under the 
mirror to control its position. When one of the electrodes is biased, the mirror will be pulled to- 
ward one side by electrostatic attraction force. 

Because of the large number and high density of mirrors, they are addressed using a row- 
column multiplexing scheme. Static random addressing memory (SRAM) circuits, employing 
0.8-um double level metal CMOS technology for controlling each mirror, are embedded on the 
silicon substrate, beneath the layer for mirrors. 
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The commercial DMD device has demonstrated amazing reliability given the fact that it 
consists of millions of mechanical movable parts. If any single mirror fails, the entire DMD chip 
would fail since customers would not tolerate the presence of even one dead, nonresponsive 
pixel. Since DMD uses vibration frequency to create the illusion of gray scale, a typical mirror 
may actually oscillate at high frequency (kHz) for its lifetime (thousands of hours). The DLP 
product proves that fantastic yield can be accomplished through proper material engineering, 
design, and packaging. 

The DLP display offers advantages over the incumbent, transmissive LCD projection, in- 
cluding a higher (better) pixel fill factor, greater brightness and black level, greater contrast ratio, 
more efficient use of light, and stability of contrast and color balance over time. It should be noted 
that a successful device such as DLP is not an overnight success but a result of long-term commit- 
ment and development. In fact, the DLP was successfully launched following a string of unsuc- 
cessful earlier R&D activities at various companies, carried out in a span of 20 years. 

Today, MEMS based ultraportable digital display system is being miniaturized aggres- 
sively to fit in palms or cell phones. Further, digital micromirrors find applications beyond 
image projection. It is being pursued as a rapid maskless lithography technology to save the 
cost of mask making [54], as well as flexible, in situ DNA micro-array manufacturing using 
light-array assisted synthesis [55]. Advanced optical scanning mirrors, such as ones with contin- 
uous angular tuning, large displacement range, and more degrees of freedom have been devel- 
oped for optical communication. 

Many new MEMS device categories were developed in the 1990s. A number of these 
branches along with key technology drivers for them are summarized in Table 1.1. 

The optical MEMS area grew rapidly in the late 1990s. Researchers from across the world 
raced to develop micro-opto-electro-mecanical systems and devices (MOEMS), incorporating 
components such as binary optical lens (Figure 1.4a), diffraction gratings (Figure 1.4b), tunable 
optical mirrors (Figure 1.4c), interferometric filters, and phase modulators for applications in- 
cluding optical display, adaptive optics, tunable filters, gas spectrum analyzers, and network 


TABLE 1.1 Representative major branches of MEMS technology. 
Area of research Perceived drivers of technology 
Optical MEMS Monolithic integration of mechanics, electronics, and optics; 
Unique spatial or wavelength tunability; 
Improved efficiency of optical assembly and alignment accuracy. 
BioMEMS Miniaturization (minimal invasion and size matched with biological entities); 
Rich functional integration within physically small, minimally invasive medical devices. 
Microfluidics (laboratory-on-a-chip Reduced amount of samples and reagents and associated cost; 
or micro total analysis systems) Parallel and combinatorial analysis possible; 
Miniaturization, automation, and portability. 
Radio Frequency (RF) MEMS Unique performances not found in solid-state RF integrated devices; 
Promises of direct integration of active and passive elements with circuitry. 
Nano Electromechanical Systems Unique physical properties due to scaling (e.g., ultralow mass and ultrahigh resonant 
(NEMS) frequency); 


Unprecedented sensitivity and selectivity of detection achievable in selected cases. 
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Micromachined optical components: (a) binary lens, (b) verti- 
cal diffraction grating, and (c) two-axis scanning micro mirror. 


routers [56]. A large-scale commercialization activity in the optical MEMS area was mounted, 
driven by the anticipated bandwidth bottleneck stemming from the rapid growth of Internet 
and personal telecommunication. Free-space optical interconnects between fiber bundles for 
dynamic routing was the primary focus of many researchers and companies during that period 
of time. Using micromachined optical switches such as the one shown in Figure 1.4c, light 
beams from one bundle of fibers can be steered into a receiving bundle directly, bypassing the 
electronic domain and signal transduction links. A great deal of ingenious engineering went on 
display by people working in this field, leading to new actuators and fabrication techniques. 
Many successful products were developed but were not manufactured and used in large scale 
as anticipated. Lessons learned from this experience is extremely important for the future 
growth of the MEMS field and high-tech commercialization [57]. A more detailed review of the 
optical MEMS field is found in an online supplemental chapter. 
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The field of BioMEMS encompasses the development and use of MEMS for biological 
studies, medical-related research, health monitoring and health care products, medical diagno- 
sis, therapeutics, rehabilitation, and clinical intervention. Representative applications include 
real-time DNA sequence identification (e.g., Cepheid Corporation GeneXpert System [58]), 
point-of-care whole blood analysis (e.g., Abbott Labs i-STAT system), neural probes [59], 
retina implant [60], cochlear implants, embedded physiological sensors, drug delivery chips, and 
sensor-enabled smart surgical tools. 

An excellent example of BioMEMS application is a drug injection needle array with pre- 
cisely defined needle dimensions (especially heights). Traditional drug injection using needles 
induces pain because the tips of needles reach deep enough into a layer of skin tissues richly 
populated by nerve bundles. This layer lies 50-70 um under the skin surface. By using needles 
that are shorter than this critical length, drug injection can be performed in a sub-dermal region 
not occupied by neurons, without inducing pain in patients [61-65]. 

The MEMS technology is also being used to enable microfluid systems and integrated 
biological/chemical processors, for applications such as automated and miniaturized sensors for 
point-of-care medical diagnosis, and distributed environmental monitoring [58]. One example is 
a microfluid chip that performs cell manipulation, processing, selection, and storage of har- 
vested bovine embryos [66] for assisted fertility. Conventionally, these delicate procedures are 
performed manually, in a very tedious and error-prone manner. This results in high cost of 
operations and products, degradation of quality, and waste. A microfluid workstation devel- 
oped for assisted reproduction performs complex and delicate procedures on individual cells. 
Cells are moved, held, and manipulated using pneumatic pressure instead of direct probing, in 
a system diagramed in Figure 1.5. This increases the speed and efficiency while reducing 
chances of cell damages. More information about principles and current research activities in 
the microfluidics area is provided in Chapter 14. 

The MEMS technology is also being used to enable innovative components for integrated 
circuitry, including radio frequency (RF) communication chips. Examples include resonators, 
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FIGURE 1.5 


An integrated cell manipulation chip. 
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Micromachined tunable capacitors and inductors. 


micromachined relays, tunable capacitors, micro integrated inductors and solenoid coils, resonators 
and filters, and antennas (Figure 1.6). A more in-depth review on this subject can be found in [67]. 


2002 to Present 


MEMS technology entered into an even more exciting era. The basis of a strong and sustain- 
able industry based on MEMS technology has been formed. The yearly sales figure in 2006 at- 
tributed to MEMS technology are $500 M for Hewlett-Packard (ink jet printing), $600 M for 
Epson and Lexmark combined (ink jet printing), $900 M for Texas Instruments (DLP), $150 M 
for Analog Devices (sensors), and $200 M for Freescale Semiconductor (pressure and acceler- 
ation sensors). 

Throughout the relatively short history of the MEMS field so far, notable MEMS com- 
mercialization efforts have been motivated by needs in the automotive industry, the medical 
and health care product industry, the display/entertainment industry, the communications in- 
dustry, the cellular phone industry, and lately by the gaming and personal electronics industry. 
Progress of MEMS commercialization and the variety of activities increased significantly since 
the year 2005, partially due to the proliferation of new mass-market consumer products such as 
cellular telephony, handheld smart electronics, interactive electronics and gaming devices, elec- 
tronics readers (e-readers), and medical related products. Many successful companies and 
products were launched and reached commercial success after 2000. While many companies 
with earlier success continue to perform well, new companies and products are coming into 
focus. Some were successfully listed in various stock markets (e.g., United States NASDAQ, 
French PAR). Their products include acceleration sensors (e.g., MEMSIC and STMicroelec- 
tronics), gyroscopes (e.g., InvenSense), resonators (SiTime, Discera, and formerly Silicon 
Clock), acoustic sensors (e.g., Knowles), wireless sensors (e.g., Dust Network), paper-like dis- 
play (eInk), and medical products such as the capsule endoscope (Chongqing Jinshan, China). 
Companies that develop actuators products (e.g., Siimple autofocusing camera lens and Qual- 
comm Mirasol displays) have also enjoyed strong growth. In addition, many established large 
companies (SONY, GE, Honeywell, TRW, Qualcomm, Omron, etc.) have active MEMS prod- 
uct groups. Many companies, including conventional product companies, also provide access to 
foundry services. 

MEMS research developed into new areas, including power and energy (e.g., solar 
cells, micro batteries [68, 69], micro fuel cells, energy harvesters [70, 71], and smart grid 
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management), resonators, cell phone components (including microphone, display, projector, 
auto-focusing camera lens), medical diagnosis [72, 73] and therapy, and wireless sensor net- 
working, to name a few. 

The community of MEMS researchers has been growing rapidly. Several annual or 
biannual international conferences are held worldwide. The most established conferences in- 
clude the IEEE International Conference on Solid-state Sensors, Actuators, and Micro- 
systems (the Transducers conference), the IEEE Annual International Conference on 
Microelectromechanical Systems (the MEMS conference), the Eurosensors conference, the 
IEEE Workshop on Solid-state Sensors, Actuators, and Systems (held biannually at the 
Hilton Head Island, SC), and the International Conference on Micro Total Analysis (uTAS). 
Many conferences in specific topic areas, including optical MEMS, actuators, BioMEMS, and 
MEMS commercialization are held worldwide. Many new journals have been created to 
address MEMS researchers, including IEEE/ASME Journal of Microelectromechanical 
Systems, the Sensors and Actuators journal (by Elsevier B.V.), the Journal of Micromechanics 
and Microengineering, and Laboratory-on-a-Chip (by the Royal Society of Chemistry). In ad- 
dition, the following journals frequently publish papers that cover state-of-the-art device 
physics, applications, and related fabrication techniques for micro- and nanoscale devices: 
Science, Nature, Applied Physics Letters, Journal of Applied Physics, Nano Letters, Small, 
Analytical Chemistry, and Langmuir, among others. 


Future Trends 


In the next 10 years, the MEMS research field is expected to grow rapidly and develop wider 
reaches. Advancements will likely be manifested in several aspects: 

1. More applications will emerge. MEMS devices will have increased functional reach and 
diversity to satisfy growing range of applications, including both low-volume industrial 
applications and high volume consumer applications. Technologies for sensor applications 
will continue to grow, while products in such categories as robotics, medicine, augmented 
reality, actuators, and display may become contenders in emerging areas. 

2. Rapid and yet sophisticated system design will be reality. MEMS design methodology and 
knowhow is maturing. The degree of design sophistication will continue to increase. Mod- 
ern design and simulation tools can tackle complex multiphysics design in record time 
and with great accuracy. The design capability will reduce MEMS time-to-market. 

3. Electronics functional integration will continue. MEMS devices will further enjoy the 
benefits of circuit integration, allowing electrical, logic, computational and decision-making 
functions to be integrated with mechanical devices. 

4. Ability to make and manufacture MEMS products will continue to improve. MEMS pro- 
cessing methods and equipment will continue to mature. Foundry process capabilities will 
advance steadily, to the point that true fabless MEMS development model may become a 
reality. Packaging technology will drive many MEMS design decisions. 

5. MEMS production will migrate to larger wafer sizes. 

6. Competition will intensify. As MEMS products will gradually achieve greater function, 
small sizes, and lower costs to challenge existing products or engender new applications, 
competition will grow and spur innovation. 


1.2 The Intrinsic Characteristics of MEMS 13 


1.2 THE INTRINSIC CHARACTERISTICS OF MEMS 


There is no doubt that MEMS will continue to find major new applications in the future. The 
reason for technology development and commercialization may vary by case. Nevertheless, 
there are three generic and distinct merits for MEMS devices and microfabrication technolo- 
gies: Miniaturization, Microelectronics Integration, and Parallel fabrication with high precision. 
MEMS products will compete in the market place on the grounds of functional richness, small 
sizes, unique performance characteristics (e.g., fast speed), and/or low cost. For advanced stu- 
dents of MEMS, it is important to realize that the three merits will not automatically lead to 
product and market advantages. One must understand the complex interplay between these 
elements to fully unleash the power of MEMS technology. 


1.2.1 Miniaturization 


The length scale of typical MEMS devices generally ranges from 1 um to 1 cm. (However, a 
large array of MEMS devices or an entire system may occupy much bigger footprint or vol- 
ume.) Small dimensions give rise to many operational advantages, such as soft springs, high 
resonance frequency, greater sensitivity, and low thermal mass. For example, the heat transfer 
to and from a micromachined device is generally fast. A case in mind is the ink jet printer 
nozzle, with the time constant of droplet ejection being on the order of 20 us. Small size allows 
MEMS devices to be less intrusive in biomedical applications (e.g., neuron probes). Being 
small also means that MEMS devices can be integrated nonintrusively in crucial systems, 
such as portable electronics, medical instruments, and implants (e.g., capsule endoscopes). 
From a practical point of view, smaller device footprint leads to more devices per wafer and 
greater economy of scale. Hence the cost of MEMS devices generally scales favorably with 
miniaturization. 

However, all things do not work better when miniaturized. Some physical phenomena do 
not scale favorably when the dimensions are reduced, while certain physical phenomena that 
work poorly at the macroscale suddenly becomes very practical and attractive at the mi- 
croscale. Scaling laws are observation about how physics work at different sizes. A well-known 
example is that fleas can jump dozens of times its own height whereas elephants cannot jump at 
all, even though an elephant has far more muscle mass than a flea. 

A rigorous scaling-law analysis starts with the identification of a characteristics length 
scale (denoted L) for a device of interest. For example, the length of a cantilever or the diame- 
ter of a circular membrane may be denoted as L of the respective element. The remaining per- 
tinent physical dimensions are assumed to scale linearly with the characteristics length scale, 
with locked ratios. 

A performance merit of interest (e.g., stiffness of a cantilever or resonant frequency of a 
membrane) is expressed as a function of L, with dimension terms other than the characteristic 
length scale term expressed as a fraction or multiples of L. The expression is then simplified to 
extract the overall effect of L. 


( 2 
7 Example 1.1 Scaling Law of Spring Constant 


The stiffness of a cantilever is defined by its spring constant. Identify the scaling law governing 
the stiffness of a cantilever with length, width, and thickness denoted as /, w, and t. 
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Solution. The performance merit of interest in this case is the spring constant. In the small 
displacement regime, the spring constant is expressed as 
- Ewt? 
41° 


(1.1) 


where E is the Young’s modulus of elasticity, a dimensional-invariant material property. (In 
Chapter 3, I will review how this formula is derived.) If we replace the term / with L, w with aL, 
t with BL—both a and £ being constants —then Equation 1.1 can be rewritten as 
ELA 
k=C—ZXL 1.2 
433 Ca 


The term C is a proportionality constant (C = aB*). This scaling law analysis shows that can- 
tilevers with reduced sizes have smaller spring constants. 


Example 1.2 Scaling Law of Area-to-Volume Ratio 


Derive a scaling law for the ratio of surface area and the volume of a cube and discuss the con- 
sequences for MEMS design. 


Solution. A convenient characteristic length of a cube is the length of each edge, designated 
as L. The volume of the cube is L°, while the total area is 6L2. The ratio of area over the volume 
is therefore 
area L 1 
xX Sy 
volume L L 


(1.3) 


The smaller the L is, the greater the ratio of surface area over the volume. This conclusion, also 
applicable to objects with arbitrary three-dimensional shapes, provides insight on microscale 
device design. Surface forces such as van der Waals force, friction, and surface tension force are 
very important for the behavior of microscale objects. Volume forces, such as gravitational 
force, are less dominant. 


In many cases, scaling laws on several performance aspects must be evaluated simultane- 
ously to determine the overall merit of scaling based on a combined figure-of-merit. Take the 
Analog Devices accelerometer as an example. The following key performance metrics are vari- 
able by scale: spring constant of the support beam (related to sensitivity), resonant frequency of 
the support beam (related to bandwidth), and overall capacitance value (again related to sensi- 
tivity). Miniaturization generally leads to softer support beams (desired), higher resonant fre- 
quency, and bandwidth (desired), but at the expense of reduced capacitance value (undesired) 
and generally increased circuitry complexity (to accommodate smaller signals). 

In recent years, electromechanical devices with characteristic scales being in the 1 nm to 
100 nm range are being investigated to explore the scaling effect beyond that of traditional 
MEMS [74,75]. Such devices and systems are referred to as nano electromechanical systems, or 
NEMS. Many NEMS devices are made using assembly of nanostructures, such as nanotubes 
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[75, 76] or nanofabricated elements [77]. High-frequency electromechanical resonators and fil- 
ters have been made using lithography-patterned nanomechanical cantilevers [78, 79]. For ex- 
ample, a NEMS mechanical resonator with resonant frequency of 1.35 GHz and quality factor 
on the order of 20,000 to 50,000 has been demonstrated and used as a tool to validate funda- 
mental quantum mechanical limits imposed by the Heisenberg uncertainty principle [80]. 


Microelectronics Integration 


Circuits are used to process sensor signals, provide power and control, improve the signal qual- 
ities, or interface with control/computer electronics. MEMS products today are increasingly 
being embedded with computing, networking, and decision-making capabilities. By integrating 
micromechanical devices with electronics circuitry and offering the combined system as a prod- 
uct, significant advantages can be produced in a competitive market place. 

The ability to seamlessly integrate mechanical sensors and actuators with electronics proces- 
sors and controllers at the single wafer level is one of the most unique characteristics of MEMS. 
This process paradigm is referred to as monolithic integration— fabrication of various components 
on a single substrate in an unbroken, wafer-level process flow. (The word “monolithic” means “one 
stone”. Hence “monolithic fabrication” means fabrication on one piece of wafer.) 

Though not all MEMS devices should adhere or have adhered to the monolithic integra- 
tion format, it is observed that silicon circuits that are monolithically integrated with mechani- 
cal elements have been involved in several successful commercial MEMS applications, such as 
Analog Devices accelerometers, digital light processors, and ink jet printer heads. Monolithic 
processes do not involve hybrid assembly methods such as robotics pick-and-place or any man- 
ual attachment of individual parts. Dimensions and precision of placement are guaranteed by 
lithography. Monolithic integration improves the quality of signals by reducing the length of 
signal paths and noise. Monolithic integration with circuits is arguably the only way by which a 
large and dense array of sensors or actuators can be addressed. In the case of DLP, for example, 
each mirror is controlled by a CMOS logic circuit that is buried directly underneath. Without 
the integration of circuits, it is impossible to address individual mirrors in such a large and 
dense array. 

However, monolithic integration is very challenging in terms of process design. Integra- 
tion and packaging aspects are further reviewed in Chapter 2. 


Parallel Fabrication with Precision 


MEMS technology can realize two- or three-dimensional features with small dimensions and 
precision that cannot be reproducibly, efficiently, or profitably made with traditional machining 
tools. Combined with photolithography, MEMS technology can be used to realize unique three- 
dimensional features such as inverted pyramid cavities, high aspect ratio trenches, through- 
wafer holes, cantilevers, and membranes. To make these features using traditional machining or 
manufacturing methods is prohibitively difficult and inefficient. 

MEMS and Microelectronics are also different from traditional machining, in that multi- 
ple copies of identical dies are made on a same wafer (see discussions in the next chapter). 
This practice can contribute to lowering the cost of individual units. Modern lithography sys- 
tems and techniques provide not only finely defined features, but also uniformity across 
wafers and batches. 
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1.3 DEVICES: SENSORS AND ACTUATORS 
1.3.1 Energy Domains and Transducers 


MEMS technology enables revolutionary sensors and actuators. In general terms, sensors are 
devices that detect and monitor physical or chemical phenomenon, whereas actuators are ones 
that produce mechanical motion, force, or torque. Sensing can be broadly defined as energy 
transduction processes that result in perception, whereas actuation is energy transduction 
processes that produce actions. 

Sensors and actuators are collectively referred to as transducers, which serve the function 
of transforming signals or power from one energy domain to another. There are six major 
energy domains of interests: (1) electrical domain (denoted £); (2) mechanical domain (Mec); 
(3) chemical domain (C); (4) radiative domain (R); (5) magnetic domain (Mag); and (6) thermal 
domain (T). These energy domains and commonly encountered parameters within them are 
summarized in Figure 1.7. The total energy within a system can coexist in several domains and 
can shift among various domains under right circumstances. 


R 


Radiative 


Electromagnetic waves, 
infrared radiation, UV 

radiation, X-rays, plasma, 
high-energy particles, 
color, absorption, 
transmission 


C 


Chemical 


Mag 


Magnetic 


Chemical concentration, 
pH, reaction rate, 

molecule recognition, 
DNA sequence, DNA 
hybridization, protein 
construct 


Mec 
Mechanical 
Force, pressure, speed 
flow rate, viscosity, 
acceleration, gravity, 
touch, acoustic vibration 
noise, stress, strain, 
hardness, modulus 
fracture 
limit 


Magnetic field strength 
and direction, magnetic 
force, electromagnetic 
force, Lorentz force, 
induction 


T 


Thermal 


Temperature, thermal 
conductance, heat flux, 
heat capacity, phase 
change, calorimetry 


B 


Electrical 


Voltage, current, current 
density, resistance, 
capacitance, inductance 
charge, pulse width, 
duty cycle, electrons, 
semiconductors, 
bandgap 


FIGURE 1.7 


Major energy domains. 
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Sensors generally transform stimulus signals in various energy domains to one that is 
detectable by humans or into the electrical domain for interfacing with electronics controllers, 
recorders, or computers. For example, a thermal-couple temperature sensor transforms a thermal 
signal, temperature, into an electrical signal (e.g., voltage) that can be read electronically. Often, 
more than one sensing principles can be used for a transduction task. Temperature variation can be 
perceived via such phenomenon as resistance changes, volume expansion of fluids, increased radi- 
ation power of an object, color change of engineered dyes, shifted resonance frequency of resonant 
beams, or greater chemical reactivity. More discussions on this topic can be found in Chapter 5. 

Energy transduction pathways for particular sensor and actuation tasks do not have to in- 
volve only two domains. Rather, the transduction process may incorporate multiple domains. 
Direct transduction pathways that involve the minimal number of domains do not necessarily 
translate into simpler device, lower cost, or better performances. 

Energy and signal transduction is a vast space of research and development and a contin- 
uing source of innovation. The desire to discover and implement efficient, sensitive, and low- 
cost sensing principles transcends the boundary of scientific and technological disciplines. 
Because many sensing tasks can be achieved in more than one ways, either directly (from one 
energy domain to another) or indirectly (hopping through intermediate energy domains), there 
is essentially unlimited number of transduction pathways for achieving one sensor or actuator 
need. Each transduction pathway entails different sensing material, fabrication method, design, 
sensitivity, responsivity, temperature stability, cross-sensitivity, and cost, among others. A trade- 
off study must be conducted, taking account of performance, cost, manufacturing ease, robust- 
ness, and, increasingly more important these days, intellectual property rights. 

The development of sensors and actuators is a rich and rewarding research experience. To 
invent a new sensor principle for a particular application involves selecting or inventing the en- 
ergy transduction paths, device designs, and fabrication methods that yield simple transduction 
materials, high performance, and low-cost fabrication. I will discuss a few specific examples of 
sensors to illustrate the richness of this field and to exemplify the excitement involved with re- 
search and development activities. In many cases, new sensing methods resulted in new device 
capabilities and industrialization opportunities. 

Acceleration sensing (Mec->E transduction). Acceleration can be sensed in many differ- 
ent ways. A micromachined proof mass suspended by cantilevers will experience an inertial 
force under an applied acceleration. The force will cause movement of the suspended proof 
mass. The movement can be picked up using piezoresistors, resistor elements whose resistance 
change under applied stress (Mec—E). The displacement can also be sensed with a capacitor 
(Mec-E). This is the principle of Analog Device accelerometers. These two methods involve 
moving mechanical mass. Can one build accelerometers without moving parts? The answer is 
yes. I will illustrate one example in the following. Inertial force can also move a heated mass, 
whose ensuing displacement can be picked up by temperature sensors (Mec>T-E) [46]. Ther- 
mal sensing does not provide as good a performance as capacitive sensing of moving air mass, 
but the fabrication is readily compatible with integrated circuits. This is the principle of a low- 
cost acceleration sensor (manufactured by MEMSIC Corporation) designed for low-sensitivity 
applications (further discussed in Chapter 15). No moving mass is required, eliminating con- 
cerns of mechanical reliability. Since no moving mass is needed, the device is compatible with 
mass batch microelectronics foundries, reducing the time to market significantly. 

Olfactory sensing (CE transduction). Information about the presence and concentration 
of certain molecules responsible for smell or pertaining to environmental monitoring can be 
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obtained using a number of strategies. A carbon-based material can be designed to specifically 
absorb certain molecules and alter the electrical resistivity (CE direct transduction). The ab- 
sorbance of certain molecules in the path of surface acoustic wave devices can alter mechanical 
properties such as frequency of surface acoustic wave transmission (C—M—>E). These methods 
generally involve sophisticated electronics or algorithms. Can one build olfactory sensors that are 
simpler and more intuitive? I will illustrate one example below. The binding of chemical molecules 
can also alter the color of a specially designed chemical compound, which can be detected using 
low-cost optoelectronics diodes (C+R-E transduction) [81] or directly by human beings without 
electronics (CR). Sensors based on this strategy are being made by ChemSensing Corporation. 

DNA sequence identification (C—>E transduction). DNA molecules consist of a chain of 
base pairs, each with four possible varieties— A, C, G, or T. The sequence of base pairs ina DNA 
chain determines the code of synthesizing proteins. The ability to decipher base pair sequences 
of DNA molecules rapidly, accurately, and inexpensively is of critical importance for pharma- 
ceutical and medical applications [82]. There are a wide variety of innovative methods for detec- 
tion of DNA sequence through their telltale binding (hybridization) events. Certain DNA 
molecules may be chemically modified to incorporate (tagged) fluorescence reporters that lights 
or dims upon binding with another DNA strand. In the most widely practiced case today, chem- 
ical binding events are turned into optical signals first before transduced to the electrical domain 
(C-+R-E). The fluorescent image is captured using high power fluorescent microscopes. 

However, fluorescent imaging requires sophisticated microscope and is not suitable for 
portable, field applications. DNA molecules attached to gold nanoparticles can report the event 
of hybridization through aggregation of gold particles, which can result in changes of optical re- 
flectance (C>R-E) [83] or electrical resistivity (CE) [84]. The detection method with gold 
nanoparticles provides better sensitivity and selectivity compared with fluorescence methods 
while eliminating the need of cumbersome fluorescent imaging instruments. It is, therefore, 
amendable for miniaturization and remote deployment. This principle is the technological basis 
of Nanosphere Corporation. 


Sensors Considerations 


Sensors fall into two categories, physical sensors and chemical/biological sensors. Physical sen- 
sors are used to measure physical variables such as force, acceleration, pressure, temperature, 
flow rate, acoustic vibration, and magnetic field strength. Chemical sensors are used to detect 
chemical and biological variables including concentrations of chemicals, pH, binding strength 
of biological molecules, protein-protein interactions, and so forth. 

In this textbook, we focus on discussion of physical sensors. We will explore a number of 
commonly used principles of sensing, including electrostatics, piezoresistivity, piezoelectricity, 
thermal resistivity, and bimetallic thermal bending. These principles are discussed in greater 
detail in Chapter 4,5, 6, 7, and 9. 

Many sensing principles might be available for a given application. Sensor developers 
generally must evaluate a number of transducing pathways and designs according to many sen- 
sor performance metrics [85]. The most important sensor characteristics of concern are summa- 
rized in the following: 

1. Sensitivity. The sensitivity is defined as the ratio between the magnitude of output signal 
and that of the input stimulus. Note that the sensitivity values may be a function of the 
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input amplitude and frequency, temperature, biasing level, and other variables. When 
electronics signal amplification is used, it is meaningful to distinguish values of sensitivity 
before and after amplification. 

Linearity. If the output signal changes proportionally with respect to the input signal, the 
response is said to be linear. Linear response of a sensor alleviates the complexity of 
signal processing. 

Accuracy. The ability of a sensor to provide results close to the true value. 


Precision. The ability of a sensor to give the same reading when repeatedly measuring the 
same quantity under the same conditions. Repeatability is the precision of a device over a 
short term, whereas reproducibility is the precision of a device over a long term. 


Responsivity, or resolution. It is also known as the detection limit or minimal de- 
tectable signal (MDS). This term signifies the smallest signal a sensor can detect with 
confidence. It is generally limited by noise associated with the transduction elements 
and circuits. 


Noise. Noise can be applied to anything that obscures a desired signal. Noise can itself be 
another signal (“interference”); most often, however, we use the term to describe “ran- 
dom” noise of a physical (often thermal) origin. While interference noise can be corrected 
or eliminated, such as by careful electrical shielding, random noises are ubiquitous and 
have much more fundamental origins. Noise can also arrive from the circuits. Amplifiers, 
resistors, parasitics capacitors and inductors in the circuitry can all generate noise with 
their unique signatures. 


Dynamic range. The dynamic range is the ratio between the highest and the lowest de- 
tectable signal levels. In many applications, a wide dynamic range is desired. 


Bandwidth. The bandwidth characterizes sensor ability to measure fast-changing signals. 
Sensors behave differently to constant or time-varying signals. Oftentimes, sensors may 
cease to respond to signals of extremely high frequencies. The effective frequency range is 
called the bandwidth. 


Drift. Drift may occur because electrical and mechanical properties of materials vary over 
time. Sensors with large drift cannot be used successfully to detect slow changing signals, 
such as monitoring stress building up in a civil structure over time. 


Sensor reliability. Sensor performance may change over time and when placed under 
harsh conditions. Sensors developed for military use, for example, need to satisfy the mil- 
itary specification (MIL-SPEC). Reliability and trustworthiness of sensors in a wide tem- 
perature range (—55°C to 105°C) is demanded of such sensors. Many industries have 
established guidelines and standards involving sensor use. 


Crosstalk or interference. A sensor intended for measuring one variable may be sensitive 
to another physical variable as well. For example, a strain sensor may have finite sensi- 
tivity to temperature and humidity. An acceleration sensor with sensitivity in one partic- 
ular axis may respond to acceleration in other orthogonal axes. Sensor crosstalks should 
be minimized in practical applications. Sensitivity to variation of environment tempera- 
ture is a major concern of sensor design and should be minimized for most cases. 


Development costs and time. It is always desirable that the sensor development process be 
inexpensive and fast. Fast time-to-market is important for commercial sensors that are 
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built with custom specifications. Many commercially successful MEMS sensors have been 
developed over long periods of time and costing millions of dollars. The reduction of cost 
and development time, to the level currently enjoyed by the application specific inte- 
grated circuit (ASIC) industry, would be very appealing. 


Sensor Noise and Design Complexity 


Many sensor performance criteria need to be met for a product. However, it is often difficult to 
improve all performance characteristics simultaneously. 

The subject of noise is a very deep study pertaining to many areas, including statistics, 
thermal dynamics, and practical measurement science. Noises in MEMS can be attributed to 
three major sources: electronic noise, mechanical noise, and noise in the circuitry. In MEMS 
sensors, the major contribution of electronic noises comes from the following sources—the 
Johnson noise, the shot noise, and the 1/f noise. 

The Johnson noise is a white noise manifested as an open circuit voltage created by a re- 
sistor due to random thermal fluctuation of electrons and particles within. It is also called ther- 
mal noise and Nyquist noise. The RMS value of the Johnson noise is V „oise = WV4kT RB, where 
k, T, R, B are the Boltzmann’s constant, the absolute temperature, the resistance value, and the 
bandwidth in hertz, respectively. The equivalent noise current is V,,,;5./R. The amplitude of 
Johnson noise follows a Gaussian distribution. Thermal noise is present in all resistors. One can 
normalize the Johnson noise figure by the bandwidth and obtain the so-called spectral noise 
figure, V4kTR, with a unit of V/ VHz. 

The shot noise, or the “rain-drop-on-a-tin-roof” noise, is another Gaussian and white 
noise. Its origin is the quantum fluctuation of the electric current due to discrete passage of 
charges across an energy barrier. The shot noise can be estimated as Znoise = V2qldeB, where q, 
Ijo and B are the single electron charge, the dc current, and the measurement bandwidth mea- 
sured in hertz. Note that shot noise does not apply to pure resistors. 

The 1/f noise, also known as flicker noise, or pink noise, is the result of conductance fluc- 
tuation when a current passes through an interface (often with a semiconductor material). Cur- 
rent fluctuation stems from the trapping and releasing of charges through interface states. It 
derives its name from its characteristics 1/f spectrum dependence. It is called the pink noise 
following a color analogy—if an object has 1/f optical emission spectrum, it would appear to 
be pink to our eyes. One prominent source of 1/f noise is the Hooge noise, with the power 
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spectrum at a given frequency f given by K where Vp is the bias voltage across a resistor with 


a total number of carrier N, and « an unitless constant. The 1/f noise pertains to the total num- 
ber of carriers and hence the volume of the resistor. Carbon resistors, piezoresistors, and field 
effect transistors exhibit 1/f noise, but metal-film resistor does not. It is possible to optimize 
sensor design to reduce 1/f noise contributions [86]. 

For many motion-based MEMS sensors (e.g., accelerometers and pressure sensors), the 
mechanical-thermal noise floor, which is vibration of micro structures under the impact of 
Brownian motion mechanical agitation, is another fundamental source of noise in addition to 
electrical ones [87]. 

The equivalent thermal-mechanical force acting on an object is < F > = V4kTcB, 
where c is the damping coefficient of the mechanical element [88, 89]. A mechanical mass 
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embedded in a fluid media (e.g., air) would experience a damping coefficient. The lower the 
pressure of the air or gas media, the smaller the damping coefficient and the thermal me- 
chanical noise. 

MEMS design, even considered in the absence of materials and processing issues, is com- 
plex. Many sensor performance characteristics, such as sensitivity, bandwidth, and noise, are 
interrelated. This makes design efforts very complex. I will illustrate this point with one easy-to- 
understand example. Let’s suppose we are building an accelerometer, where the acceleration 
on a mass causes the mass to move. For such a device, a wider frequency response range (B) is 
a desirable product characteristic. It typically means a greater resonant frequency, which can be 
obtained by decreasing the mass and/or increasing the force constant k. However, such actions 
reduce the sensitivity to acceleration (due to smaller mass and stiffer spring) and increase the 
noise (due to larger B). In one representative design of accelerometer, the spring is made of 
silicon beams with doped piezoresistors. The dimensions of the piezoresistor, doping level, sen- 
sitivity, and noise are all closely related [90]. To increase the piezoresistive effect, it is desirable 
to dope the silicon with lower concentration. However, this tends to increase the sensitivity to 
ambient temperature variation. It would also increase the resistance value for a given dimen- 
sion, which would also elevate the noise level. 

The challenge and enjoyment of making a successful MEMS device lies in navigating 
many issues (materials, processes, mechanical design, and electrical design) and arriving at an 
optimal set of functions, performance, reliability, and cost. 


Actuators Considerations 


Actuators generally transform energy in non-mechanical energy domains into the mechanical 
domain. For a particular actuation task, there could be several energy transduction mecha- 
nisms. For example, one can generate a mechanical movement by using electrostatic forces, 
magnetic forces, piezoelectricity, or thermal expansion. Several methods commonly used for 
MEMS are covered in Chapters 4, 5,7 and 8 and briefly summarized in Table 1.2. 

There are many other actuation methods, including pneumatics [91, 92], shape memory 
alloys [93-96], thermal expansion [97], phase change [98], electrochemical reaction [99] and 
energetic combustion [100-102], and friction drag by moving fluids [103]. Microstructure can 
also be coupled to mesoscopic drivers (e.g., with interlocking mechanisms [104]). 


TABLE 1.2 Comparison of actuation methods. 


Mechanism General description Comments 

Electrostatic Force generated when an applied electric field Electrodes must be conducting materials. 
actuation acts on induced or permanent charges. 

Magnetic Moment and force due to interaction of magnetic Requires magnetic materials and magnetic 
actuation domains with external magnetic field lines. source (solenoid or permanent magnet). 

Thermal bimetallic Differential volume expansion of at least two Requires materials with different thermal- 
actuation different materials due to temperature change. expansion coefficients. 

Piezoelectric Change of material dimensions due to applied Requires high-performance piezoelectric 


actuation electric field. materials. 
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The following are general criteria when considering actuators designs and selections: 


Torque and force output capacity. The actuator must provide sufficient force or torque for 
the task at hand. For example, micro optical mirrors are used to deflect photons. Because 
photons are lightweight, low levels of force provided by the mirror actuator is sufficient. 
In some cases, micro actuators are used for interacting with a fluid (air or water) to 
actively control the fluid. Such actuators must provide greater force and power to pro- 
duce appreciable effects. 


Range of motion. The amount of translation or angular movement that the actuator can 
produce under reasonable conditions and power consumption is an important concern. 
For example, the DLP micromirrors are required to move within a 15-degree range. For 
optical switches used for dynamic network routing, larger angles of displacement (30-45 
degrees) are needed. 


Dynamic response speed and bandwidth. The actuator must be able to produce suffi- 
ciently fast response. From the point of view of actuator control, the intrinsic resonant fre- 
quency of an actuator device should be greater than the maximum oscillation frequency. 


Ease of fabrication and availability of materials. To reduce the potential costs of MEMS 
actuators, there are two important strategies. One is to reduce the costs of materials and 
processing time. Another is to increase the process yield for a given process in order to 
produce more functional units in each batch. 


Power consumption and energy efficiency. Many microactuators are envisioned for use in 
small and mobile systems platforms. The total available power for such systems is gener- 
ally limited. In this and many other MEMS applications, low-power actuators are pre- 
ferred to increase the duration of operation. 


Linearity of displacement as a function of driving bias. If the displacement varies with 
input power or voltage in a linear fashion, the control strategy would be simplified. 


Cross-sensitivity and environmental stability. The actuator must be stable over the long 
term, against temperature variation, humidity absorption, and mechanical creep. Long- 
term stability of such actuators is extremely important for ensuring commercial competi- 
tiveness and success. A mechanical element may produce displacement, force, or torque in 
a nonintended axis. 


Footprint. The footprint of an actuator is the total chip area it occupies. In cases of dense 
actuator arrays, the footprint of each actuator becomes a primary point of consideration. 


SUMMARY 


The following is a list of major concepts, facts, and skills associated with this chapter. A reader 
can use this list to test related understanding. 


Qualitative Understanding and Concepts: 


The relationship between the microelectronics industry and MEMS. 


Major commercially successful MEMS devices and their competitive advantages over 
incumbent and competitive technologies. 


Problems 23 


e Basic principles of commercially successful MEMS devices including accelerometers, dig- 
ital light processors, and ink jet printer heads. 


e Major energy domains associated with transducer operations. 
e Transducer pathways and choice of pathway for sensing and actuation. 
e Major points of consideration for sensor development. 


e Primary sources of sensor noise and their relations to parameters such as temperature 
and bandwidth of measurement. 


e Major points of consideration for actuator development. 
Quantitative Understanding and Skills 


e Procedure for performing the scaling law analysis. 
e Procedure for analyzing noise of sensors. 
e Ability to create and design transducer pathways and analyze relative merits. 


e Ability to locate specification sheets of industrial products and analyze performance 
comprehensively. 


PROBLEMS 
SECTION 1.1 


Problem 1: Review 


Read the following sections in the classical paper titled “Silicon as a mechanical material” by Kurt 
Petersen: Sections I, II, IV, VI, VII [11]. The paper can be found in the library or on-line. 


Problem 2: Review 


Locate the following MEMS-specific journals and conference proceedings in your library or on-line: 
(1) Sensors and Actuators (S&A); (2) Proceedings of IEEE Annual International Workshop on Micro 
Electro Mechanical Systems (the name was changed to IEEE International Conference on Micro Electro 
Mechanical Systems since 2002); (3) IEEE/ASME Journal of Microelectromechanical Systems; and 
(4) Journal of Micromechanics and Microengineering. 

Papers from these journals and proceedings are important for readers to gain further breadth and depth 
of knowledge in the MEMS area beyond the coverage of this textbook. Therefore it is important to be 
able to locate these sources. 

Identify one particular area of MEMS application of interest to you and then identify five papers from 
these sources of literatures. The papers must come from at least two different sources. Of the five papers, 
the dates of publication should span at least five years. 

Write a two-page, single-spaced summary to compare the contents of these five papers. Summarize the 
five references in the following format: authors, “title,” publication source, issue/volume number, page 
number, and year. Subsequently, make cross-comparison of technical elements of these five papers, and 
explain how these works are related to one another. You may compare the specifications and/or fabrica- 
tion technology, and/or fabrication complexity of these five reported devices. Optionally, you may com- 
pare MEMS with other competing technologies in terms of performance, cost, reliability, and 
customization. 
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Problem 3: Review 


Find electronic online archive of pertinent journals in the MEMS area. Find and bookmark at least the 
following journals: Science, Nature, Applied Physics Letters, Journal of Applied Physics, Proceeding of the 
National Academy of Science, NanoLetters, Langmuir, Biomedical Microdevices (Kluwer), and Lab-on- 
chip (Royal Society of Chemistry). Papers related to microfabrication, MEMS, and nanotechnology are 
published in these journals frequently. 


Problem 4: Review 


Using Web search tools, find 10 university research groups with research programs in the broadly defined 
MEMS area. At least five of them must be from countries or continents other than your own. Pick four 
research groups out of the 10 and read a most recent journal paper (within the last two years) from each 
selected group. Summarize the importance and uniqueness of the selected paper in three to four 
sentences in each case. You may submit the result electronically to your instructor with links to each of the 
10 groups embedded in the file. 


Problem 5: Review 


Researchers at the Bell Laboratories made seminal contribution to the field of silicon devices, including 
at least PN junctions (Russell Ohl, 1939), transistors (Bardeen, Brattain, Shockley, et al., 1947), and 
silicon piezoresistive effects (Smith, 1954). Conduct a research on the history of Bell Lab inventions. 
Prepare a list of at least 15 Bell Laboratory inventions that had significant impact on technology and 
human societies. 


Problem 6: Challenge 


Electricity has been harnessed and used by humans for at least 200 years. Write a two-page document that 
summarize, in chronicle order since the year 1800, major discoveries and inventions along the path of elec- 
trical and electronics systems. (Suggestions: you could include major discovery of phenomenon, major en- 
abling new devices, and major invented products.) Each item in the list should have complete information 
of year, name of individual, and affiliated organization (if any). 


This problem can be done individually or as a group. If this is done as a group, it is suggested that each 
member of the group compile the list independently first, and then discuss the list among group members. 
Finally, each group can generate a list combining each individual’s contributions. 


SECTION 1.2 


Problem 7: Review 


Conduct a literature review and Internet search about one particular commercial product in one of the 
following categories: (1) accelerometers used in a popular smart phone; (2) accelerometer used in a 
motion-sensitive computer game control; (3) a commercial microphone; (3) a pico-projector; (4) a resonator 
product. (Alternatively, an instructor may specify a device or theme.) Write a review that summarizes at 
least the following information: the manufacturer and product name, resale price, qualitative description 
of the principle of device functioning, distinct technical advantage, the distinct commercial benefits it pro- 
vides, major competitors (if any) and competitive edges. 


Problem 8: Review 


Find published product specification sheets of three commercial accelerometers. Summarize the perfor- 
mance of these sensor products according to the sensor performance criteria outlined in section 1.3.2. 
Compare at least the transduction principle, sensitivity, dynamic range, noise figure, resale cost, bias level, 
and power consumption. 
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Problem 9: Review 


Part A: Find published product specification sheet of two pressure sensors from at least two com- 
panies. Summarize the performance of these two products according to the sensor performance cri- 
teria outlined in section 1.3.2. Compare at least the transduction principle, sensitivity, dynamic 
range, noise figure, resale cost, and power consumption. 


Part B: Identify two pressure sensors (or other types of sensors) from at least two independent 
companies. Search the Internet to find two key patents from each company. Compare the claims 
and priority dates of these patents. (Hint: you may use free Web service such as the US Patent and 
Trademark Office Web site, Google patent, or online patent search sites.) Summarize your findings 
in a two-page document. 


Problem 10: Review 


Find published product specification sheet of a commercial tactile sensor (touch sensor). Summarize 
the performance of this product according to the sensor performance criteria outlined in Section 1.3.2. 
Summarize at least the transduction principle, sensitivity, dynamic range, noise figure, cost, and energy 
consumption. If certain performance specifications are unpublished, leave them blank or speculate 
based on best available knowledge. 


Problem 11: Review 


Find published product specification sheets of three commercial flow rate sensors. Ideally, one should be 
based on MEMS technology and another one on a non-MEMS technology. These two sensors can be 
based on different principles. Compare at least the transduction principle, sensitivity, dynamic range, noise 
figure, resale cost, and energy consumption. Summarize the performance of these products according to 
the sensor performance criteria outlined in section 1.3.2. 


SECTION 1.3 
Problem 12: Design 


A resistor is made of a suspended, doped polycrystalline silicon beam with the resistance being 5 KQ. 
Calculate the resistor’s Johnson noise when measured in a frequency range of 0 to 100 Hz and 0 to 10k Hz. 
The temperature of the resistor is 27°C and the bias voltage is 2 V. 


Problem 13: Design 


Derive the scaling law for static buoyancy force of a solid sphere in a liquid with a density of y. Assume 
the sphere is made of a material with a density of y, (ys < y). 


Problem 14: Design 


Let’s model an accelerometer proof mass (m) attached to a cantilever spring. The formula for spring con- 
stant of the cantilever is discussed in this chapter (Eq. 1.1). Derive the scaling law for static displacement 
under an acceleration a. Then derive the scaling law for the natural resonant frequency of the acceleration 
sensor. Discuss the advantages and disadvantages for scaling down the size of the sensor. 


Problem 15: Review 


Conduct a literature and online research on a certain MEMS device product line (e.g., accelerometer, 
gyroscope, blood pressure sensor, touch sensor). Read about at least four companies that performed 
research and development in this space. The development effort should ideally span more than 10 years. 
Each company may have one or more signature product groups. Summarize information about one rep- 
resentative product from each company on one page (e.g., PowerPoint presentation format). For each 
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product, summarize the principle of the operation, year the product is launched, key performance charac- 
teristics, estimated resale cost, and estimates of the sales volume or revenue derived from the product. 


Problem 16: Review 


Find published product specification sheet of three commercial linear motion stage and actuator, and 
summarize its performance specifications according to the performance criteria for actuators outlined in 
section 1.3.3. Compare at least the following elements: transduction principle, force output range, maxi- 
mum force, displacement resolution, repeatability, hysteresis, and cost. Possible principles of linear actua- 
tor include piezoelectricity and stepping motor. 


Problem 17: Review 


During the life cycle of a biological cell, it undergoes expansion, shear, and tension. Scientists are in- 
terested in directly measuring the magnitude of force or deformation present inside a cell. Assume 
that the representative size of a cell is less than 2 um in diameter, this task is very challenging. Find 
two different transduction methods for measuring force or relative displacement/deformation inside a 
cell. (Note: the measurement device must be located inside the cell and the signals must be able to 
transmit through the cell membrane to an outside observer. The force measurement device should ide- 
ally not disrupt the normal cell functionality. Use both on-line resources and scientific literatures.) 


Problem 18: Review 


Biology offers many interesting design principles for sensors and actuators. For example, biological hair- 
cell receptors are widely found in the animal kingdom. They perform a variety of functions, ranging from 
hearing and balancing of vertebrate animals, to flow sensing in insect and fish, and to vibration sensing in 
certain animals. Geckos have feet that attach to walls firmly and yet release easily to allow them to walk 
on vertical walls and even ceilings with ease. Flies have tremendous bidirectional hearing capabilities 
despite the sizes of their body relative to the wavelength of sound. 


Discuss and review a biological sensor or actuator. Compare its performance with an appropriate engi- 
neered counterpart using at least five performance aspects. Write a one-page summary. For example, one 
may review the hearing organ of a fly relative to a cell phone microphone, or human retina relative to 
digital camera image-capture chips. 


Problem 19: Design 


An old carbon resistor with a nominal value of 10 kO, lies under room temperature (27°C). Estimate the 
Johnson noise when the measurement bandwidth is 1 kHz. 


Problem 20: Design 


Plant biologists would like to monitor the growth activities of trees in rain forest to measure the long- 
term effects of environment changes. One of the parameters of interest is the circumference of tree 
trunks. Tree trunks grow over the years; however, its size varies (and may decrease) periodically in any 
given 24-hour cycle. Develop a reliable, low-cost sensor that can measure the circumference of trees ina 
dense, humid forest. (Keep in mind that frequent services and access to such sensors are limited.) Form 
groups of three or four students, and identify one most promising method within each group. Present 
your design, and projected performances of sensors according to sensor design criteria outlined in this 
chapter, along with projected cost, to the class. 


Problem 21: Design 


Identify 10 different methods to measure the temperature of an object or a body of liquid. Identify their 
energy transduction paths. Both engineered and biological sensors can be cited. Grading will be based on 


References 27 


the breadth (or variety) of methods you have selected. These methods should have as little overlap with 
one another as possible. 


Problem 22: Design 


Identify 10 different methods to produce a mechanical force output. Identify their energy transduction 
paths and succinctly describe them in two to three sentences. Both engineered and biological actuators 
can be cited. Grading will be based on the breadth of methods you have selected. Try to involve as many 
energy domains overall as possible. 


Problem 23: Challenge 


Pick five random nouns from a dictionary. Select them from the alphabet section for the letter that is the 
initial of your family name. For example, John Dole would read the dictionary section of letter “D”. Prefix 
micro- or nano- to the noun, and speculate on any potential usefulness of the technology or application. 
Discuss whether any prior research and industrialization efforts have been made in such devices. Identify 
at least one critical research issue related to each case, or necessary to enable the concept. The grading will 
be based on the uniqueness and originality of your selections, and the quality of analysis. Write a two-page 
long abstract summarizing your finding and observation. 


Problem 24: Challenge 


Form a group of three or four students. Each group should conduct a detailed survey of current MEMS 
products for a mass market system (examples include cell phones, smart phones, personal computer). 
These are products with sales of more than 100 million units/year worldwide. Identify a component of the 
system that has not been replaced with MEMS product. Conduct a survey of the potential of developing a 
successful MEMS device to replace existing components, for the benefits of enriching functions, advanc- 
ing performances, or lowering costs. Present your findings to the class. 
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CHAPTER 2 


First-Pass Introduction 
to Microfabrication 


PREVIEW 


A first time student of MEMS should note two important facts about the microfabrication tech- 
nology used to prototype and manufacture MEMS devices. First, MEMS fabrication represents a 
paradigm shift from traditional machining and manufacturing processes. It does not involve 
methods such as milling, lathing, polishing, joining, and welding, at least at the present stage. A 
student of MEMS, who is otherwise unfamiliar with the integrated circuit fabrication process, 
should first be acquainted with a new framework of manufacturing, to the point of being aware of 
its unique features and limitations. Secondly, the portfolio of MEMS fabrication techniques (the 
micromachining “tool box”) is rapidly expanding, towards the goals of increasing the variety of 
materials involved, increasing the fabrication efficiency, and reducing the cost of manufacturing. 

Section 2.1 presents an overview of the general framework of microfabrication using sili- 
con wafers. Section 2.2 briefly overviews essential process techniques pertinent to a beginning 
student. In Section 2.3, I will discuss a representative process flow for a transistor, a building 
block of modern integrated circuits. This discussion is highly relevant because the microma- 
chining process is derived from the IC industry. This is followed by a discussion of bulk and sur- 
face micromachining process based on silicon (Section 2.4.). Section 2.5 will expose readers to 
the concept and importance of integration scheme, packaging, and encapsulation. New materi- 
als beyond silicon are being incorporated into the MEMS research field actively. Some of these 
materials and their associated fabrication processes are reviewed in Section 2.6. In Section 2.7, 
I will discuss major points of consideration when selecting a microfabrication process. 


OVERVIEW OF MICROFABRICATION 


MEMS and IC devices are generally made on single crystal silicon wafers. Figure 2.1 diagrams 
the overall process from the production of such wafers to packaging of individual device chips. 
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Wafer process steps. 


Bulk silicon with crystalline consistency does not exist in nature, and must be prepared 
through laborious industrial processes. To make bulk crystal silicon, one starts with a perfect 
single crystal silicon seed. It is dipped into a molten silicon pool and slowly drawn out of the liq- 
uid. Silicon crystallizes when drawn into the atmosphere and establishes crystallinity consistent 
with that of the initial seed. Rods of single crystal with various diameters and longitudinal crys- 
tal orientation can be formed this way. The rods are sawed into thin, circular slices and polished 
to form wafers. 

A wafer goes through a multi-step fabrication process in a clean room, where dust, particles, 
and even ions in water are tightly controlled. The cleanliness of air in a clean room is classified 
according to the concentration of air-borne particles (with sizes larger than 0.5 um). According to 
a standard method for characterizing the cleanliness level of a cleanroom, a class 1 cleanroom has 
fewer than 1 particle and a class 100 cleanroom has fewer than 100 particles per ft? of air sampled. 
As a reference, average outdoor air contains more than 400,000 particles per ft?. Generally speak- 
ing, a class 1000, 100, 10, 1, and 0.1 cleanroom can support production down to approximately 
4 um, 1.25 um, 0.7 um, 0.3 um, and <0.1 um, respectively. State of the art integrated circuits uses 
linewidth smaller than 0.18 um since 1999. 

Water (for rinsing) and chemical solutions must go through stringent, costly manufactur- 
ing and conditioning processes. Ions in water (e.g., sodium ions), even in trace amount, will mi- 
grate into silicon and thin film materials upon direct contact. These ions may become trapped 
charges in dielectrics, and hurt device performance. De-ionized water (more broadly speaking, 
ultrapure water) used in semiconductor manufacturing has resistivity in excess of 18 MQ, com- 
pared to a resistivity of less than 50 KQ for tap waters. 

Precision patterns are made using photolithographic patterning method. Collimated light 
passes through a mask and an image-reduction lens before hitting the wafer, in a process akin 
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to taking a photograph of an object through a telephoto length and recording the image on a 
photosensitive film. In this case, the object being photographed is the mask and the film is the 
wafer, coated with a photosensitive film. Various wavelength of light can be used. Light with 
higher energy (and hence smaller wavelength) is capable of producing smaller linewidths. The 
ultimate resolution is dictated by the diffraction limit. 

Using a machine-automated photolithography process called step-and-repeat, many iden- 
tical units can be made on a same wafer with high linewidth resolution (0.1 um or smaller in 
commercial processes). The machine used for performing the step-and-repeat process is called 
a stepper. The way a stepper works is described as follows. After a reduced image of the mask is 
printed to an area on a wafer, the wafer is translated by a precise distance, and another expo- 
sure is made. Many identical devices, called dies, are made on one given wafer in a single pass. 
This differentiates MEMS process from conventional manufacturing technology, which gener- 
ally deals with one part at a time. 

The larger the wafer, the more dies are made in a given batch. According to Figure 2.2, 
if the die size is 1 X 1cm?, there could be roughly 21 dies on a 2” wafer, 82 on a 4” wafer, 178 on 
a 6” wafer, 314 on an 8” wafer, and 770 on a 10” one. The economy of scale when moving to a 
larger wafer is compelling. However, readers should note that there is cost associated with up- 
grading the wafer sizes. A piece of machine designed to handle a 4” dia wafer will not be able to 
handle a 6” dia wafer, and so on. When the decision to upgrade the wafer size is made, almost 
every piece of equipment in the entire fab line needs to be purchased, easily amounting to in- 
vestments of tens of millions of US dollars for a modest manufacturing operation. Further, it is 
noteworthy that only large volume products would warrants the full benefits of larger wafers. 
For small volume products, the benefit of parallel fabrication is easily offset by the fixed cost of 
setup process and making high-resolution masks. 


FIGURE 2.2 


How many dies can you 
harvest from a wafer? 
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These dies have spacings between them so that they can be mechanically cut and sepa- 
rated. Each cut die, called a chip, can then be electrically connected and encapsulated for 
commercial resale. The process of incorporating a loose die to a housing and a system is 
called packaging. 

In a given process, a percentage of dies with satisfactory performance is called the process 
yield. The yield deeply affects the economy of fabrication and the cost of final devices. It is de- 
termined by the choices of design, materials, and processes in complex ways. For industry, the 
yield figure is a guarded secret. Should you approach a person from industry and ask him/her 
about the yield of their process, the best answer you can get is a polite “no”. 

In a number of important ways, the MEMS process and conventional macroscale machin- 
ing differs drastically: 


1. Silicon, a principal substrate material for MEMS and integrated circuit, is mechanically 
brittle and cannot be shaped by machine cutting tools; 


2. MEMS and integrated circuits are made on planar crystalline wafers. The planarity is not 
just a matter of convenience for automated wafer processing. When lithography pattern- 
ing is conducted on a planar substrate, a consistent focus distance is ensured, leading to 
uniformity and resolution. The planarity of a wafer is also important to ensure the entire 
wafer surface has identical crystal orientation. 


3. Loose dies are generally too small and numerous to be handled by human labor. They 
must be compatible with automated sorting and pick-and-place machines. 


A chip is placed into a package, which is then mounted on a circuit board (Figure 2.3). Take 
the example of a smart phone (Figure 2.4), a consumer electronics system with many compo- 
nents, including display, battery, computer chip, camera, and sensors (e.g., inclination sensors, 
motion sensors, microphone, touch screen, etc). A microphone chip is highlighted in the dia- 
gram and shown in zoomed view in the lower half of the figure. The chip consists of a package 
casing within which the diced silicon die is mechanically mounted and electrically connected by 
bonding wires (Figure 2.3). There are many possible variants for integrating mechanical ele- 
ments with circuitry. 

This book focuses on the segment of the process flow between a bare wafer and an 
undiced wafer with fabricated devices. However, general understanding about the packaging 
schemes is important for a MEMS developer. 
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2.2 ESSENTIAL OVERVIEW OF FREQUENTLY USED 
MICROFABRICATION PROCESSES 


There are a myriad of processes and techniques used in microelectronics and MEMS fabrication. 
A full understanding of each process constitutes its physics and chemistry, behavior under various 
conditions, application scope and limitations, common recipes, equipment, and the operation and 
physics of equipment. However, to list all of them in their greatest detail would be distractive to a 
beginning reader. A list of most commonly used process steps and their most elemental descrip- 
tion for beginning readers is provided below. The physics and technology of discrete fabrication 
process steps are not reviewed in this book. Interested readers can refer to Ref. [1] for discussion 
on circuit-specific fabrication technology and Ref. [2] for MEMS-specific technologies. Important 
MEMS-specific processes, including chemical etching of crystalline silicon and sacrificial layer 
surface micromachining, are described in detail in later Chapters (10 & 11). 

Processes can be sorted according to the following major categories: additive processes, 
subtractive steps, patterning, material modification, and mechanical steps. A list of most com- 
monly used process is summarized in Table 2.1. 

Several representative machines—a contact aligner for lithography, a metal evaporator 
for deposition of metal thin film, and a plasma etcher for removal of materials—are shown in 
Figure 2.5. 


2.2.1 Photolithography 


The goal of photolithography is to produce fine features on wafer surfaces. A most common lith- 
ography process involves depositing photo-sensitive chemicals (called photoresists, or simply 
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TABLE 2.1 Brief Description of Major Process Categories. 
Category Process name Description 
Metal evaporation To deposit a thin film of metal on a wafer by heating a metal source in a crucible until 
it boils, and hence transfer metal from the crucible to the wafer through evaporated 
metal particles. 

Metal sputtering To deposit a thin film of metal on a wafer by bombarding a metal source with high- 

energy particles. The particles sputter the metal off the source and on to the wafer. 

Chemical vapor To deposit a thin film of organic matters by chemically reacting one or more vapor 
deposition species and cause condensation of film material on a wafer. 
of organic matters 

Additive Chemical vapor To deposit a thin film of inorganic matter (e.g., oxide, nitride) by chemically reacting 
process deposition of one or more vapor species under high temperature (e.g., >500°C) and cause conden- 
inorganic matters sation of film material on a wafer. 

Plasma assisted To deposit a thin film of matter by chemical vapor deposition. Plasma power is used to 
chemical vapor energize the chemical reactions and reduce the temperature required for the steps 
deposition (e.g., between 300-500°C). 

Thermal oxidation To grow a thin film of silicon dioxide by reacting the substrate with oxygen at very high 

temperature (e.g., >900°C). 

Plating Grow a thin film of metal through electro- or electroless plating, mostly at room 

temperature. 

Plasma etching To etch a material by reacting it with chemically active species produced in a high-en- 

ergy plasma, while the wafer is placed on a ground electrode. 

Reactive ion etching | To remove a thin film material by reacting it with chemically active species produced in a 

high-energy plasma, while the wafer is placed on an active electrode. 
Subtractive Deep reactive ion To produce deep trenches in silicon with reactive ion etching under special recipe and 
process etching conditions. 

Wet chemical To etch and sculpt silicon material with wet chemicals, commonly resulting in cavities, 
etching of silicon mesas, or through-wafer holes. 

Wet chemical etching | To etch materials on a wafer by reacting with a wet chemical compound. 
of thin films 

Deposition of To coat a wafer with a uniform and thin layer of photoresist, typically with the spin 

. photoresist coating method. 
Patterning z 3 oE z ; 

Photolithography To pattern the photoresist thin film by exposing the film through a patterned mask, 

thus transferring the patterns on the mask to the photoresist layer. 

Ion implantation To inject high-kinetic-energy dopant atoms into the substrate matrix to change electri- 

cal or chemical characteristics of the material. 
Material Diffusion doping To inject dopant atoms into the substrate matrix by placing high-concentration dopant 
modification sources at the surface and using high temperature to enhance atom diffusion. 

Thermal annealing To treat a substrate with elevated temperature to alter electrical or mechanical characteris- 

tics, commonly used for spreading dopants or reducing intrinsic stress. 

Polishing To planarize a wafer surface with polishing agents. 

Wafer bonding To join two wafers together permanently with accurate alignment. 

: Wafer dicing To separate a wafer into individual dies by cutting trenches and then breaking the 
Mechanical wafer along these trenches. 
steps : ; z ; ; A : : 
P Wire bonding To establish electrical connection between chips and packages by fine metal wires. 
Chip packaging To place wafer dies into a package that can be integrated into electronics boards and 


systems. To conceal and encapsulate silicon dies and devices. 
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FIGURE 2.5 


Semiconductor processing equipment. 


resists) on a silicon wafer, exposing it with light through a mask, and removing (develop) photore- 
sist material that has been modified by light. The starting point of a lithography process is to coat a 
wafer with photoresist through spin coating (Figure 2.6). A wafer is held on a rotating stage. Pho- 
toresist is applied to the center of the wafer at rest position. The wafer is then spun at high speed, 
causing the photoresist to move towards the edge of the wafer under centrifugal forces. After the 
wafer spinning is stopped, a uniform thin layer of photoresist is coated on the front surface of a 
wafer. Process variables include the wafer spinning speed, the viscosity of the resist, and the types 
of resists (e.g., target wavelength, sensitivity). Typical thickness of photoresist is generally 1-10 um. 

A lithography patterning procedure involves multiple steps (Figure 2.7). A wafer is first cov- 
ered with a uniform thin layer of resist (step a). A mask, consisting of a transparent substrate (e.g,, 
glass or quartz) with opaque features, are brought close to the resist-coated wafer (step b). High 
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Process steps of photoresist spin coating. Process flow for patterning photoresist with a photomask. 
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energy, collimated light rays strikes the mask-wafer assembly. Resist regions that are not covered 
by opaque features are exposed, changing the chemical composition of the resist. For positive re- 
sist, the exposure by light causes the resist to be more soluble in a wet chemical developer (step c). 
This allows the opaque features on the mask to be faithfully transferred to the wafer (step d). 

A pattern in photoresist can be further transferred to an underlying layer, using the pho- 
toresist as a mask layer. The process is shown in Figure 2.8. It starts with a wafer with a thin film 
coating (step a). The wafer is covered with a spin-coated layer of photoresist (step b), which is 
photolithographically patterned similar to the method discussed in Figure 2.7. The wafer is then 
immersed in a chemical solution that preferably etch the thin film but not the photoresist (step c). 
(Alternatively, the thin film may be etched with dry etch methods.) With proper timing control, 
the thin film covered by the photoresist would stay intact, whereas the thin film in areas not 
covered by the photoresist would be removed (step d). The photoresist is then preferentially 
removed, leaving the thin film behind as patterned (step e). 


Thin Film Deposition 


Functional materials, conductors and insulators can be incorporated on a wafer through addi- 
tive deposition process. One such deposition process is direct transfer of the material from a 
source to the wafer surface in an atom-by-atom, layer-by-layer fashion (Figure 2.9). Examples 
include metal evaporation and metal sputtering. The process is generally conducted in a low- 
pressure environment so that atoms may travel from the source to the wafer surface without 
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A schematic diagram of the metal evapora- 
tion equipment. 


A process of chemical reactive deposi- 
tion (e.g., chemical vapor deposition). 
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interruptions caused by air molecules. One such system, an evaporator, is diagrammed in 
Figure 2.10. A wafer and a metal source are both placed inside a vacuum jar. The metal can be 
transferred either by heating it (evaporation) or by bombarding it with high-energy ions (sput- 
tering). The achieved thickness is proportional to the power and time. In practice, the routine 
thickness of metal thin films ranges from 1 nm to 2 wm. 

A second method for placing thin film materials on a wafer surface is chemical vapor de- 
position (Figure 2.11). Two or more active species arrive at the vicinity of the wafer surface 
(step a). They react under favorable conditions (with energy provided by heating or plasma). 
The reaction of these species produces a solid phase, which is absorbed onto the nearby wafer 
surface (step b). The byproducts of the reaction (if any) may be removed by the surrounding 
media. Continuous reaction causes a layer of material to be built on the wafer surface (step c). 

Typically the average thickness of thin film deposited by CVD, evaporation or sputtering is 
below 1 um. To deposit films of greater thickness is typically too time consuming or impractical. 


Thermal Oxidation of Silicon 


Silicon dioxide is an important insulating layer for microelectronics and MEMS. One promi- 
nent method of forming a high-quality silicon-dioxide layer is by reacting silicon wafers with 
oxygen atoms at high temperatures (e.g., 900°C and above). Wafers are often placed inside a 
heated quartz tube (Figure 2.12). On the surface of the wafer, a layer of oxide is formed and 
separates the interior silicon from the oxygen atoms. The atoms on the outside must diffuse 
through the oxide layer and react with the fresh silicon on the inner interfaces of silicon and 
oxide (Figure 2.13). One can imagine that, as the thickness of oxide grows, the rate of oxidation 
growth decreases. The deposition rate and the ultimate thickness is dependant on the tempera- 
ture. For most applications, the thermal oxide thickness is below 1.5 um. 


Wet Etching 


Removing materials by wet chemical reaction is common. It is used for removing metal, di- 
electrics, semiconductors, polymers, and functional materials. The selectivity of etching against 
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FIGURE 2.12 


A schematic diagram of 
the oxidation equip- 
ment and process. 


FIGURE 2.13 


Process of thermal oxidation explained at the 
atomic level. (a) Oxygen atoms arrive at the 
surface of bare silicon. (b) Reaction between 
oxygen and silicon turns part of the surface into 
silicon dioxide. (c) Gradually, a continuous layer 
of silicon dioxide is formed, separating the oxygen 
atmosphere with the silicon substrate. (d) Newly 
arrived oxygen species must diffuse across the 
oxide layer in order to react with silicon atoms on 
the other side of the oxide. The reaction rate is (d) 
limited by the diffusion process. 


masking materials, substrates and the target material is a crucial issue for MEMS process de- 
sign. Important performance characteristics include etch rate, temperature, and uniformity. 

A thin film with a starting thickness of ty is covered by a masking material with an initial 
thickness of tmo. The size of openings may be different, hence we include two representative 
windows open on the front, one large (window A) and one smaller (window B). The wafer is ex- 
posed to an etchant. At a given intermediate time t, the thickness of the film becomes t;, and the 
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Ideally, the etch rate on the film should be much greater than that on the mask. The etch rate on 
film in windows of different sizes may differ, due to the so called “loading effects”. At the end 
point of the process (t), the films in both windows should be completely removed, whereas the 
thickness of the mask may be reduced to 


tm = tmo — te X etch_rate_on_mask. 


While the etch rate is defined in the vertical direction, an etchant may well attack the lateral 
walls of the thin film. The extent of the lateral etch during time te is called undercut. Obviously, 
the amount of undercut affects the precision of the pattern transfer process. 


Silicon Anisotropic Etching 


Anisotropic etching of silicon is a very unique micromechanical process. It can be used to produce 
a variety of three dimensional structures. Chapter 10 is dedicated to discussions about this step. 


Plasma Etching and Reactive lon Etching 


Plasma etching is a very prominent method of removing materials from a wafer surface. Since the 
process does not involve wet chemicals, it is often referred to as dry etching. The etching is carried 
out in a specialized process equipment called the plasma etcher. A chamber with two opposing elec- 
trodes is filled with a chemically active gas species. The process pressure is typically rather low (per- 
haps 1/2000" of atmosphere pressure). Inside the plasma etcher, gas species are broken up by the 
electric field, creating active gaseous radicals that are electrically charged. The radicals may react 
with the wafer chemically. Meanwhile, the charged radicals may be accelerated in the electrical field 
to high speed and interact with materials on the wafer physically (bombardment, sputtering). Both 
physical and chemical processes may be present at the same time. In general, physical etching is 
more directional and anisotropic, whereas chemical etching is isotropic and material selective. 
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Wet etching on a thin film. A schematic diagram of plasma etching. 
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FIGURE 2.16 


Two step diffusion 
doping. 
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If the electrode holding the wafer is grounded, the etching is called plasma etching. If the 
wafer is fixed to an electrode on which AC bias is applied, the etching is called reactive ion etching. 
Compared with plasma etching, reactive ion etching is more physical in nature and its etch rate 
distribution is more anisotropic. A deep reactive ion etching (DRIE) process is a special class 
of reactive ion etching, using special processing equipment, gas mixture, and recipe. The process 
is aimed at producing deep trenches with vertical, smooth sidewalls in silicon. It is discussed in 
greater detail in Chapter 10. 


Doping 


Doping is the process of planting dopant atoms into the host semiconductor lattice in order to 
change the electrical characteristics of the host material. The initial source dopants can be placed 
on the surface of the wafer or precisely injected into the silicon lattice using the ion implantation 
method. The dopant atoms can further diffuse from high-concentration to low-concentration re- 
gions under thermal activation. A schematic diagram of a representative process used for doping 
selective regions of silicon with dopant atoms is shown in Figure 2.16. The desired shape of the 
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resistor is shown in the top-most figure. The resistor feature should be moderately doped (with 
concentration ranging from 10" to 10!8 cm~3). The two ends of the resistor should have higher 
doping concentration, on the order of 10” to 10% cm~3, in order to form ohmic contacts with 
metal leads. 

A mask shield is first deposited in step a and patterned to form windows. The wafer is ex- 
posed to a source of dopant, which can not penetrate the mask shield layer but can enter the sil- 
icon via the open windows. The arms of the resistor are then patterned (in step b) for 
performing a lower dose doping. Finally, metal leads are deposited and patterned to connect 
with the resistor (step c). 

Dopant atoms perform random walk (Brownian motion) in a semiconductor lattice 
under elevated wafer temperature. Though the movement of individual dopant atoms is ran- 
dom, the overall population of dopant atoms moves from high-concentration regions to low- 
concentration ones. This process is called thermal diffusion. The diffusion of dopants in silicon 
follows Fick’s law, which states that the concentration, C, is a function of the time (t) and spatial 
location (x), 


aC(x,) ad (xt) _ ð ( ped), (2.1) 


ot Ox Ox Ox 


where J(x,t) is the flux of dopant per unit area at location x and time t. The term D is the diffu- 
sivity of dopants, which is dependent on the temperature according to 


D = Do exp (£). (2.2) 


The term D, is a reference factor (with unit being cm?/s), E the activation energy (in eV), T the 
temperature (in degree Kelvin), and k the Boltzmann constant (in eV/K). For boron and phos- 
phorus, the values of D, are 0.76 and 3.85 cm?/s in single crystal silicon, respectively. The corre- 
sponding values of E are 3.46 and 3.66 eV, respectively. 

The solution of Equation 2.1 is given by 


C(x,t) = Cyerfe (- =) (2.3) 


The reduction of substrate temperature during the diffusion process can drastically decrease 
the diffusivity and the spatial extent of dopant spreading. 

It is important to notice that (1) existing doping procedure can only be performed on 
top surfaces of wafers; (2) high temperature encountered by a wafer during a process, even 
in steps after the doping process, can cause dopant redistribution and changes of electrical 
characteristics. 


Wafer Dicing 


A wafer consists of multiple dies, each must be broken into separate pieces before being pack- 
aged individually. The traditional process for separating dies is through a dicing process. A high- 
speed rotating dicing saw blade is used to cut trenches in silicon wafer. The cutting process, 
being mechanical in natures, produces particles. Water is sprayed onto the wafer to lubricate 
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A dicing saw blade cut- 
ting trenches in silicon 
wafer to facilitate die wafer 
separation. thickness 


and remove heat. The thinned trenches allow silicon to be broken off easily without fracturing. 
Obviously, this step, with the particles, vibration, and water, can damage almost all freestanding 
MEMS mechanical components. 

Laser ablation has also been used to dice wafers in lieu of dicing saw. Since 2006, new 
laser stealth dicing (SD) technologies were developed [3], using laser permeable to the silicon 
wafer to create internal modified lines invisible on the surface. This technology would benefit 
MEMS device package immensely. 


Wafer Bonding 


Wafer-to-wafer bonding is a versatile technique that allows wafers with disparate materials, 
surface profiles, and functional characteristics to be joined to form unique structures [4, 5]. 
Wafer bonding involves bringing two wafers close with proper spatial alignment to form per- 
manent bonding under proper physical and chemical conditions. Wafer bonding can be per- 
formed using a variety of materials and temperature conditions [6]. Wafer bonding can be 
aided through interfacial layers of thin films deposited on the wafer surfaces. Bonding allows 
flexibility in processing. 

Bonding processes can be categorized according to the temperature of operation: room 
temperature bonding, low-temperature bonding (<100°C) and high-temperature bonding 
(>100°C). Wafer bonding can be direct, i.e., without involving any intermediate adhesive layer, 
or indirect, where an adhesion layer is used. Bonding can be initiated by mechanical contact 
force, molecular attractive force, or electrostatic force. Several major types of bonding tech- 
niques are summarized in Table 2.2. 

Wafers can be chemically or mechanically modified after bonding. For example, they can 
be thinned to a desired thickness by mechanical polishing or chemical etching. Wafer to wafer 
transfer has been demonstrated to achieve surface planarization [18] and to produce devices 
such as mirrors [19] and membranes [20, 21], even ones with large sizes [22]. Most bonding op- 
erations are conducted at the wafer scale. However, bonding can be performed at die level or 
device level [10, 15]. 
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TABLE 2.2 Representative bonding techniques. 


Representative materials 


Comments 


Anodic bonding [7, 8] 


Glass to silicon; Oxide to 
silicon 


Performed under 400°C with electric field present (e.g., 1.2 kV); 
Works well in atmosphere or vacuum; 


Fusion bonding [9-11] 


Silicon to silicon 


Very sensitive to surface defects and particles. 


Low temperature 
adhesive bonding [12] 


Many possibilities of 
substrates and materials 


Representative adhesive layers include photoresist, polymer 
adhesive, spin-on glass adhesive. 


Eutectic bonding [10] 


Gold to silicon 


Processing temperature is between 450-550°C 


Low temperature 
silicon direct 
bonding [13] 


Silicon to Silicon 


Temperature of bonding is below 110°C 
It may be followed by long-term storage or high-temperature 
treatment, during which the bonding energy increases. 


Solder bonding Many possibilities of It uses low-melting-temperature metals such as indium [14], 
substrates aluminum [15], or others. 
Mechanical bonding Many possibilities Examples include micro riveting [16] and micromechanical 
Velcro [17]. 
2.3 THE MICROELECTRONICS FABRICATION PROCESS FLOW 


A basic understanding of the fabrication technology for integrated circuit, which precedes that 
of MEMS in history, is necessary to understanding the micromachining process. A reader who 
is familiar with the basic microfabrication process of integrated circuits may skip this section. 

A fabrication process for integrated circuits generally involves many steps of material de- 
position, material removal, and patterning, as illustrated in the following example. 

A generic microfabrication process for realizing a field effect transistor, the building 
block of modern integrated circuits, is illustrated in Figure 2.18. By repeating the cycle of 
deposition-lithography-etching, devices with arbitrary complexity can be built. In this particular 
case, six major cycles transforms a bare silicon wafer to one with a metal-oxide-semiconductor 
(MOS) field effect transistor (FET) on the front surface. The figure depicts 30 major steps, 
showing cross-sectional view at a single FET level. Steps 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, and 8.0, on 
the left most column, are major milestones in the process, whereas process steps x.y (x = 1 — 7, 
y # 0) are steps that leads to the next major milestone. 

The nature of each step is clearly marked. Letters D, L, E, and M denotes deposition, lith- 
ography (photo exposure and development), etching, and modification/treatment of materials. 

A brief description of each step is presented below: 


Step 1.0. The figure depicts the cross section of a starting bare silicon wafer. The wafer 
thickness is not drawn to scale. Material process steps occurring on the backside of a 
wafer are not drawn in future steps for the sake of simplicity. 


Step 2.0. A layer of oxide is deposited. The oxide is patterned using the following subse- 
quent steps (2.1 through 2.3). This oxide layer is here only to serve a transitional purpose. 
(This point will become obvious later.) 

2.1. A photosensitive resist layer is deposited on top of the oxide by spin coating. 

2.2. The photosensitive resist is lithographically exposed and developed. 

2.3. The photoresist is used as a mask for etching the oxide. 
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FIGURE 2.18 


Fabrication process for an integrated circuit. 


Step 3.0. The photoresist is removed using organic solvents. The patterned oxide is used as 
a mask against impurity doping performed in step 3.1 through 3.3. 
3.1. A layer of material containing dopant impurities is deposited. 
3.2. The wafer is thermally treated, causing the dopant to diffuse into silicon in areas 
not covered by the oxide. 
3.3. The dopant-source layer deposited in step 3.1 is removed. 


Step 4.0. The oxide is removed. Note that many steps and layers of materials are involved 
to transform a bare wafer (step 1.0) to a wafer with dopant in selective places (step 4.0). 


2.4 
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Additional processes (steps 4.1 through 4.4) are then performed to produce another layer 
of patterned oxide. 

4.1. Another layer of silicon oxide is grown. 

4.2. A photosensitive resist is deposited. 

4.3. The resist is lithographically patterned. 

4.4. Using the resist as a mask, the oxide is etched. 
Step 5.0. The resist deposited in step 4.2 is removed. From Step 4.0 to 5.0, the major dif- 
ference is oxide cover in undoped regions. An oxide layer is then deposited and patterned 
(5.1. through 5.4). 

5.1. A very thin oxide is grown. This so-called gate oxide layer must have very high 

quality and are free of contaminants and defects. 

5.2. A resist layer is again deposited. 

5.3. The resist is lithographically patterned. 

5.4. The resist serves as a mask for selectively etching the gate oxide. 
Step 6.0. The resist deposited in step 5.2 is removed. The active regions not covered by 
oxide will provide electrical contact to metal. A gate electrode, made of polycrystalline sil- 
icon, is then deposited and patterned in steps 6.1 through 6.4. 

6.1. A layer of polycrystalline (doped) silicon is deposited. 

6.2. A layer of photosensitive resist is deposited. 

6.3. The resist is patterned lithographically. 

6.4. The resist serves as a mask for etching the underlying polycrystalline silicon selectively. 


Step 7.0. The resist is removed by using organic solvents. The difference between steps 6.0 
to 7.0 is the addition of polycrystalline silicon. Each transistor must be connected with 
each other and to the outside through low-resistivity metal wires. The metal wires are 
made in steps 7.1 through 7.3. 

7.1. A layer of metal is deposited. 

7.2. and 7.3.The metal is coated with resist and lithographically patterned. 

7.4. The resist serves as a mask for etching the metal. 


Step 8.0. The resist is removed, realizing a complete field effector transistor. 


The process used in the industry follows the basic flow diagramed in Figure 2.18 but in- 
volves more detailed steps for quality assurance, functional enhancement, and for increasing 
the yield and repeatability. Many more steps may incur after step 8.0 as well. A complete 
process run from the start to the finish may take 3 months, and 20-40 mask plates. 


SILICON-BASED MEMS PROCESSES 


MEMS devices were first developed on silicon wafers because of the easy availability of mature 
processing technologies that had been developed within the microelectronics industry, and the 
availability of expertise in process management and quality control. 

Silicon actually comes in three general forms: single crystal silicon, polycrystalline silicon, 
and amorphous silicon. In a single crystal silicon (SCS) material, the crystal lattice is regularly 
organized throughout the entire bulk (Figure 2.19). Single crystal silicon is often encountered in 
three cases: (1) single crystal silicon wafer grown from a high-temperature melt/recrystalization 
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FIGURE 2.19 


Crystal structure of single crystal silicon and polycrystalline silicon. 


(b) 


process (Figure 2.1); (2) epitaxially grown silicon thin films; (3) single crystal silicon obtained 
from recrystalizing polycrystalline or amorphous silicon by global or local heat treatment. 

A polycrystalline silicon material (so called polysilicon, polySi, or poly) is made of multi- 
ple crystalline domains (Figure 2.19). Within each individual domain, the crystal lattice is regu- 
larly aligned. However, crystal orientations are different in neighboring domains. Domain 
walls, also referred to as grain boundaries, play important roles in determining electrical con- 
ductivity, mechanical stiffness, and chemical etching characteristics. The polysilicon material 
can be grown by low pressure chemical vapor deposition (LPCVD), or by recrystalizing amor- 
phous silicon through global or local heat treatment. 

Amorphous silicon, on the other hand, exhibits no crystalline regularity. Amorphous silicon 
films can be deposited by chemical vapor deposition methods (CVD), at a lower temperature 
than that required to deposit polysilicon. Due to low temperature, atoms do not have enough 
vibrational energy to align themselves after they are incorporated into the solid. Amorphous 
silicon can be grown using the LPCVD method. (In a typical, horizontal, low-pressure reactor, 
the transition temperature above which polycrystalline structure forms during deposition is 
580°C [23].) Amorphous silicon can be formed by plasma enhanced chemical vapor deposition 
(PECVD) method as well. 

The two most fundamental classes of fabrication technologies are bulk micromachining 
[24] and surface micromachining [25]. Bulk micromachining processes involve selectively 
removing the bulk (silicon substrate) material in order to form certain three-dimensional 
features or mechanical elements, such as beams and membranes. Bulk micromachining may 
be combined with wafer bonding to create even more complex three-dimensional structures. 
A review of the bulk micromachining technology can be found in Chapter 10. 

We use the example of a micromachined pressure sensor to illustrate a representative 
MEMS process (Figure 2.20). The process involves two wafers—a bottom wafer is etched to 
form a cavity whereas a top wafer is used to make the membrane. A description for each step in 
the diagram follows. 
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FIGURE 2.20 


Process for a micromachined pressure sensor. 


Although the process diagramed in Figure 2.20 may be quite lengthy for beginners, this is 
still a compressed process description because many detailed steps are skipped, especially the 
routine photolithography sequence, which typically consist of several steps themselves: pho- 
toresist coating, curing, exposure, development, subsequent etching of underlying layers using 
the photoresist as a mask, and removal of the photoresist. 


Step a. The process starts with a bare silicon wafer. To create desired cavity shapes, the 
wafer must be of a certain crystallographic orientation. I will discuss the notation of crys- 
tal orientation and the relevance to processing in Chapters 3 and 10. The wafer is cleaned 
thoroughly to remove any large particles, dirt particles, and invisible organic residues. A 
combined mechanical wash and oxidizing acid bath may be used, followed by a rinse by 
ultrapure water. 


Step b. The cleaned wafer is placed inside a high-temperature furnace filled with running 
oxygen gas or water vapor. Oxygen atoms present in the air or dissociated from the water 
molecule will react with silicon to form a protective silicon dioxide thin film. Note the 
oxide is grown on both sides of the wafer as well as on the edges. (For the sake of com- 
pleteness, all layers on both side of the wafer are shown in Figure 2.20.) 


Step c. The wafer is removed from the furnace and cooled to room temperature. It will be 
very clean, because any organic molecules would have been decomposed in the high- 
temperature oxidation step. A layer of thin film photoresist is deposited on the front 
surface of the wafer. (A chemical called hexamethyldisilazane, or HDMS, is sometimes 
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spin- or vapor-coated to help increase the adhesion between the photoresist and an oxide 
surface.) The photoresist is typically spin coated. Alternatively, photoresist thin film can 
be deposited by vapor coating, mist coating, or electroplating [26]. 


The wafer is baked in a convection oven to remove some portion of the solvent from the 
photoresist (PR) layer to establish firmness. This step is generally called “soft bake”. 
Alternatively, the moisture can be driven off with infrared lamp, or vacuum. 


Step d. The photoresist is exposed through a mask with a high-energy radiation (such as 
ultraviolet ray, electron beam, or X-ray). 


The entire wafer is then placed inside a developing solution (often called developer) that 
removes loosely bound photosensitive polymer. In the case of positive photoresist, re- 
gions hit by light will be dissolved. In the case of negative photoresist, regions hit by light 
will stay. The soft bake process in step c ensures that the photoresist will not be indiscrim- 
inately stripped by the developer. 


Step e. The photoresist needs to be baked again, this time at a higher temperature and 
often for a longer duration than the soft bake. This second baking step, called “hard 
bake”, removes remaining solvents and makes photoresist that remains on the wafer stick 
to the wafer even stronger. The extent of the hard bake will depend on the nature of the 
subsequent step. 


The photoresist mask is here used to selectively mask the underlying layer, the silicon oxide, 
against a hydrofluoric acid etchant bath. A HF etchant attacks oxide within the exposed 
window, but has negligible etch rate on the underlying silicon and the photoresist mask. 


Step f. The photoresist is removed using an organic solvent etchant such as acetone (at 
room temperature or elevated temperatures). The hard-baked photoresist is chemically 
resistant to the HF etchant but not to acetone. The organic solvent does not etch the oxide 
and the silicon. 


Step g. The silicon wafer is immersed in a wet silicon etchant, which does not attack the 
silicon oxide. Only the silicon in the open oxide window is etched, resulting in a cavity 
with sidewalls defined by crystallographic planes. The cavity may reach the other side of 
the wafer if the open window is large enough for the given wafer thickness. 


The wet silicon etching involves an elevated temperature (70-90°C). The etchant would 
attack hard-baked photoresist, hence it is impossible to use photoresist directly as mask 
in this step. 

The oxide is removed using HF etchant again. 


Step h. The wafer at the end of stage (g) is tilted to provide a clear view of the through- 
wafer cavity. 


Step i. A second silicon wafer is firmly bond to the frontside of the bottom wafer 
processed through step (g). It is important that the environment in which the wafers are 
processed be very clean, because tiny particles adhering to the bonding surfaces of either 
wafer will prevent good bond strength from being reached. 


Step j. The bonded top wafer is thinned by using mechanical polishing or chemical etch- 
ing. The remaining thickness of the top wafer determines the thickness of the membrane. 
Thin membranes are desired to have high sensitivity. 
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Step k. Strain sensors are then made on the prepared membrane. A thin film layer (e.g., 
oxide) is deposited and patterned. It serves as a barrier layer to ion implantation. Areas 
on the silicon wafer hit directly by energetic dopant ions will become doped and form a 
piezoresistor, which changes its resistance upon applied stress due to membrane bending 
under pressure difference. The wafer is tilted to present another perspective view of the 
through-wafer cavity (m). To keep the description succinct, a few detailed steps are 
skipped between steps j and k. 


Because there is no software for drawing three-dimensional processing diagrams eas- 
ily, researchers often depict a process sequence using the cross-sectional view. Figure 2.21 
depicts the same process as in Figure 2.20, viewed in a cross section that reveals the mem- 
brane and strain sensors. The cross section should be selected to reveal major development 
associated with key features. Sometimes, multiple cross-sectional views are used to illustrate 
a complex process. 

For processes that involve many steps, it becomes quite tedious to draw the details of rou- 
tine processes steps such as photoresist spinning, exposure, development, and removal. An ex- 
perienced MEMS development engineers may skip certain process steps to compress, or 
simplify the process drawing at concept stages. However, this approach should be taken with 
greater caution. Seemingly simply and routine processes may introduce complications in unex- 
pected ways. 

There are a variety of methods for creating a membrane pressure sensor with integrated 
displacement or strain sensors. The membrane can be made of silicon, polysilicon, silicon 
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Pressure sensor fabrication process. 
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nitride, silicon dioxide, and polymers such as Parylene, polyimide, and silicone elastomer. 
Different materials will yield unique sets of performance characteristics, including sensitivity, 
allowable membrane size, and robustness against over pressure, optical transparency of the 
film, dynamic range, and fabrication cost. Various examples of pressure sensors are reviewed in 
Chapter 4 through 7. 

The second class of microfabrication process for MEMS is surface micromachining. Free- 
standing mechanical elements can be created by removing an underlying place-holding thin 
film layer, instead of the substrate underneath. This spacer layer, called the sacrificial layer, con- 
stitutes the primary characteristic of a surface micromachining process. The general concept of 
this process was first envisioned by physicist Richard Feynman [27]. 

Figure 2.22 illustrate a typical surface micromachining process involving one structural 
and one sacrificial layer. A sacrificial layer is first deposited and patterned. This is followed by 
the deposition of a structural layer on top of the sacrificial layer material. Following the fabri- 
cation of layered structures, the sacrificial material is selectively removed to free the structure 
layer on top. For example, cantilevers residing on the surface of a substrate can be made using 
oxide as a sacrificial layer and polycrystalline thin film as a structural layer. In fact, surface mi- 
cromachining is so named because micro mechanical devices reside within a thin boundary on 
the front surface of the wafer. 
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FIGURE 2.22 


Sacrificial surface micromachining. 
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The surface micromachining techniques are discussed in greater detail in Chapter 11. 

These two classes of processes—bulk and surface micromachining—are not used to the 
exclusion of one another, nor are they the only types of processes available for MEMS. In- 
creasingly, bulk and surface micromachining processes are combined to create more complex 
structures with desired functionalities that cannot be realized using bulk or surface microma- 
chining alone. Further, these two major classes of processes can also be combined with other 
classes of processes such as wafer bonding, laser machining, micromolding, and three dimen- 
sional assembly, to incorporate a variety of bulk and thin film materials. 


PACKAGING AND INTEGRATION 


The two terms integration and packaging are closely related but they are in fact different. Inte- 
gration refers to the act of combining mechanical and electrical functionalities. Packaging 
refers to the act of placing loose (diced) chips into human- or machine handlable modules that 
can be directly assembled on circuit boards and into systems. 

Packaging refers to dicing, die assembly, encapsulation, and testing. Packaging is a crucial 
technological issues highly relevant for MEMS device design [28, 29]. Although it is not dis- 
cussed in detail in this book, it is important to draw attention of beginning students to this very 
exciting, important, and dynamically changing area. “Packaging is part of the process. Packag- 
ing is not what you do after the process.” should be the motto learned by all students of MEMS. 
The cost of packaging often accounts for 30-90% of the total cost of the finished system, and it 
deeply affect the performance, cost, reliability, and ultimately, the competitiveness of a MEMS 
device in the market place. 


Integration Options 


In a purest definition of MEMS, the circuits and the mechanical elements are co-fabricated 
monolithically on the same silicon die, Figure 2.23. In practice, there are actually multiple op- 
tions for integrating the circuits with the mechanical components. These are diagrammed in 
Figure 2.24. Circuits can be integrated with MEMS devices at the wafer level, at the package 
level, or at the board level. 
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FIGURE 2.23 


Diagram of a monolithic silicon die inside a chip package casing. 
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The pros and cons of these options are briefly discussed below. 


Wafer-level integration Micromechanical components and integrated circuits are either 
placed on the same wafer (monolithic) or integrated through die attachment (e.g., wafer 
bonding). For monolithic integration, there are a number of variations: 


(1) microelectronics and micromechanical elements are placed side by side (e.g., Analog 
Devices accelerometers); 


(2) microelectronics and micromechanical elements are placed top-bottm (e.g., digital micro 
mirror array). 


The monolithic integration of mechanical and circuit element, if necessary, may follow 
one of the following major approaches: 


1. Post-processing approach. Micro electromechanical elements are fabricated on the top 
surface of a semiconductor wafer with preexisting circuits (for an example, see [30]). 

2. Pre-processing approach. The micro electromechanical elements are fabricated on a 
wafer first, followed by IC fabrication. 

3. Side-by-side processing approach. Micro electromechanical elements and integrated elec- 
tronics are created simultaneously (for examples, see [31-34]). 


One major advantage for wafer-level integration lies in the fact that the circuits and me- 
chanical components are close, hence there is little chance for electromagnetic noise and other 
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noises to develop. The potential for creating small dimensions of package is the highest for 
wafer-level integration. 
Disadvantages for monolithic integration include: 


1. chip foot print mismatch. The micromechanical components could be much larger than 
the circuit elements, thus increasing the overall footprint of the die, and reducing the 
number of dies produced on a wafer. 

2. material complexity and possible reduction of yield. Since the circuit and micromechanical 
elements are fabricated on the same wafer, their materials and processing are interwoven. 
Often this introduces complexity for fabrication and manufacturing, and may increase costs. 


Chip-level integration For this packaging scheme, micromechanical and circuit dies are made 
separately. The dies are inserted into the same package and connected electrically with bonding 
wires. Hence the materials and processing issues are not coupled. This multiple-chip-module 
(MCM) approach involves longer distance between circuitry to micromechanical elements. 
However, it avoids issues that often plagues the wafer-level packaging scheme. 


Board-level integration This package scheme involves connecting micromechanical packages 
and circuit packages on the circuit board level. It involves the longest distance of wiring and 
largest electronics noise, and offers the least potential for miniaturization. 


Encapsulation 


Many MEMS devices cann’t work in atmospherical environment. They must be placed hermat- 
ically into a stable and safe environment (e.g., vacuum, or controlled pressure/humidity). The 
act of sealing the MEMS devices into a controlled environment is referred to as encapsulation 
(or sealing, vacuum packaging) [29]. Commercially successful MEMS products, such as DLP 
micro mirrors, accelerometers, gyros, and resonators, are all encapsulated in controlled envi- 
ronment or low-pressure environment. The quality and cost of the packaging plays a decisive 
role about the cost, reliability, and competitiveness of the products. 

Encapsulation can be performed at the wafer level or the package level. Wafer-level en- 
capsulation allows the greatest potential for miniaturization and automation. However, the 
technology for wafer-level encapsulation is challenging. 

When designing a MEMS product, the decision on integration and packaging should be 
made prior to the design and process flow is drawn. 


NEW MATERIALS AND FABRICATION PROCESSES 


In recent years, silicon micromachining techniques are being rapidly augmented with new ma- 
terials and processes. Silicon, a semiconductor material, is mechanically brittle. It is also expen- 
sive or unnecessary for certain applications. New materials such as polymer and compound 
semiconductors can fill the gap of performance. 

Polymer materials are being incorporated into MEMS because of their unique materials prop- 
erties (e.g., biocompatibility, optical transparency), processing techniques, and low costs compared to 
silicon. Polymer materials that have been explored in recent years include silicone elastomers, Pary- 
lene, and polyimide, among others. The use of polymer materials is reviewed in Chapter 12. 


58 


Chapter 2 First-Pass Introduction to Microfabrication 


Many sensors and actuators are needed to operate in harsh conditions, such as direct ex- 
posure to environmental elements, high temperature, wide temperature swing, or high shock. 
Delicate microstructures made of silicon or inorganic thin film materials are not suited for 
such applications. Several inorganic materials are being introduced for MEMS applications in 
harsh environments. Silicon carbide, in both bulk and thin film forms, are explored for appli- 
cations, including high-temperature solid-state electronics and transducers [35-37]. Diamond 
thin films provide the advantage of high electrical conductivity and high wear resistance for 
potential applications including pressure sensors and scanning electron microscopy probes 
[38-40]. Other compound semiconductor materials including GaAs [41-44] are also being 
investigated. Other metal elements have also been involved in MEMS devices, including 
nickel, titanium, etc. 

New material processing techniques are being developed for fabrication both on sili- 
con substrates and other materials. New processes for MEMS include laser-assisted etching 
for material removal and deposition [45], stereo lithography for rapid prototyping [46, 47], 
local electrochemical deposition [48], photo-electroforming [49], high aspect ratio deep reactive 
ion etching [45], micro milling [50, 51], focused ion beam etching [52], X-ray etching [53-54], 
micro electro discharge [55, 56], ink jet printing (e.g., of metal colloids [57]), micro contact 
printing [58, 59], in-situ plasma [60], molding (including injection molding, [61]), embossing 
[62], screen printing [63], electrochemical welding [64], chemical mechanical polishing, 
micro glass blowing [65], and guided and self-directed self-assembly in two or three dimen- 
sions [66, 67]. 

Microfabrication processes have also been expanded to reach nanoscale resolution to re- 
alize nanoelectromechanical systems (NEMS) [47, 68]. Reliable and economical fabrication of 
electromechanical elements with nanoscopic feature sizes or spacing represents new challenges 
and methodologies. Traditional lithography does not offer sub-100-nm resolution readily, at low 
cost, and with parallelism. A variety of nanostructure patterning techniques, often drastically 
different from the photolithographic approach, are developed in the physics and chemistry 
communities for producing nano-meter scale patterns. Readers who are interested in exploring 
this class of techniques may start by reading literatures on nanoimprint lithography [69], nano 
whittling [70], and nanosphere lithography [71]. 

It is noteworthy that the materials and technologies for microelectronics fabrication have 
not been standing still either. In fact, the traditional photolithography techniques and semicon- 
ductor materials associated with integrated circuits are undergoing rapidly changes in the past 
decade. New processing techniques such as roll-to-roll printing are being actively pursued for 
fast production of large area electronics, photovoltaic generators, and optoelectronics displays 
[72]. Organic polymer materials are being used in place of semiconductor materials for logic 
[73], storage [74], and optical display [75]. 

The future of new materials and fabrication methods is bright and exciting. Fabrication 
and manufacturing technologies such as micromachining, nanofabrication, and microelectron- 
ics fabrication have historically been developed in different communities with virtual disregard 
of each other, on independent sets of materials and substrates. As science and technology pro- 
gresses towards the micro and nanoscopic dimensions, these distinct families of fabrication 
methods are being connected and hybridized to create powerful and transcending new fabrica- 
tion methods which will enable new scientific studies and new devices. 
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2.7 PROCESS SELECTION AND DESIGN 


Process selection and design is crucial for MEMS. Successful process design accommodates de- 
sired materials, enables high yield, and realizes low-cost and high-performance devices. How- 
ever, process design is not an exact analytical science. It is heavily dependant on existing 
materials and process tools. 


2.7.1 Points of Consideration for Deposition Processes 


The following characteristics should be carefully evaluated for each deposition process. 


1. 


Ultimate thickness. There is practical limits to the thickness of films that can be deposited. 
Some of the commonly used thickness range has been indicated in prior discussion about 
processes steps. Excessive thickness may take too much time, or may cause stress build-up 
to the extent of causing self-destruction. 


. Deposition rate and control factors. High deposition speed certainly result in faster 


processes, but not always better-quality materials. 

Temperature of the process. 

Deposition Profile. Various deposition and etching profiles are available, associated with 
different methods and processing conditions. A number of commonly encountered depo- 
sition profiles are summarized in Figure 2.25. These profiles are associated with various 
materials and methods of deposition. The familiarity of these associations is critical for 
successful development of MEMS. 


2.7.2 Points of Consideration for Etching Processes 


The following is a list of important issues to consider when evaluating an etching process. 


1. 


2. 


Etch rate. The speed of material removal is important. A higher etch rate translates into 
shorter etching time and greater manufacturing throughput. 

End point detection. Determining that a process step has finished is not as easy as it may 
sound. There are process variability according to location, time, and other factors hard to 
control. 


Etch rate selectivity. Selectivity is defined as the ratio between the etch rate of the tar- 
geted material and that of nonintended materials, such as mask layers. The selectivity 
ratio should be as large as possible. For example, an etchant should not attack the mask at 
all in the ideal situation. A MEMS student or researcher will develop, over time, a work- 
ing knowledge base of cross-reactivity. Comprehensive reactivity matrix between a large 
number of materials and etching methods in a consistent laboratory setting has been pub- 
lished [76, 77]. These provide excellent reference for beginning readers. However, mater- 
ial etch properties depend on specific laboratory conditions and procedures and should 
be calibrated and documented for each laboratory and facility. 

Processing temperature. The temperatures of the bulk and of the etching medium are 
highly relevant. Process steps with high temperature limit the selection of materials. The 
etch rate of many systems are temperature dependant. 
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5. Etch uniformity across a wafer. More often than not, etch rate is nonuniform across a 
wafer surface. This complicates process control, especially when wafer sizes are large. 


6. Sensitivity to overtime etch. Because of nonuniform etch rate over a wafer, some struc- 
tures on a wafer are finished earlier than others. These structures that are finished early 
must endure over-time etch to allow all structures on a given wafer to reach a desired end 
point. Over-time etch is unavoidable. A robust process that is insensitive to over etch is al- 
ways desirable. 


2.7.3 


2.7.4 
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7. Safety and cost of etchants. Certain etchants are hazardous to health when inhaled or get 
into contact with skin. It is important to know the material safety issues associated with 
each etchant. The material safety data sheet (MSDS) of a given product should always be 
consulted and strictly adhered to. 

8. Surface finish and defects. Different etching methods and materials result in varying degrees 
of smoothness of surfaces and crack densities. The smoothness is important for many device 
and material performance aspects. For example, the fracture strength of single crystal silicon 
microstructures is found to be affected by the etchants used to form those [2]. In practice, it is 
important to know the degree of smoothness associated with various etching methods and 
conditions, and ways to improve the smoothness or artificially roughen a surface if necessary. 


Ideal Rules for Building a Process Flow 


A MEMS process is based on layer-by-layer buildup of functional materials and selective etch- 
ing. There are many theoretical and practical criteria for judging the quality of a process. An 
ideal process flow should satisfy at least the following two conditions: 

Ideal Process Rule (IPR) #1: Any layer deposited on a wafer should not physically, ther- 
mally, or chemically damage or compromise layers already on the wafer. 

Ideal Process Rule (IPR) #2: Any etching agent for removing one layer of material 
should ideally not attack other materials at all. 

In practice, the IPR rules are difficult to comply with. There are a number of practical rea- 
sons for that. For example: 


e Often times, choice of specific materials are dictated by their performance specification 
and function. The process flow must accommodate the material. 
e Etching agents with infinite selectivity is impossible to find. 


e A highly complex process involves many layers and diverse materials. The possibilities for 
violating IPR rules increases when the number of layers and materials rise. 


Further, industrial products are under strict guideline of performance, cost restrictions, 
and manufacturing methods. These will further limit materials and processing methods. 


Rules for Building a Robust Process 


A robust process is one that can achieve high yield with a broad range of tolerance for materi- 
als and process variability. Factors that can make a process nonrobust include uncertainties and 
inadequate etch rate selectivity. 

Process-related uncertainties are the norms rather than the exceptions. Representative 
examples include: 


e Deposition rates and etch rates are variable. They are dependant on many variables, in- 
cluding temperature, concentration, and power. They may show variability on a wafer, 
throughout a given batch, across machines, and over time. 

e Uncertainty of determining the endpoint of process. Inability to determine the end point 
of process in situ and stop the process in time will cause over deposition or over etch. 
Methods for detection of processing end point may not be precise. 


e Material characteristics may be uncertain or variable. 
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Limited selectivity is perhaps the biggest threat to a robust process. The best approach to 
deal with etching process uncertainties is to use process steps that are highly selective, so that 
they are virtually self-terminating when the endpoint has been reached, allowing moderate 
over-time process to mitigate process errors. As a rule of thumb, process selectivity between 
target and masking materials should ideally be 5:1 or greater. 

However, picking materials with great selectivity is not straightforward. The list of avail- 
able processes and materials for MEMS is not unlimited (Appendix 4-6). There are only a finite 
number of materials and process choices. Most process steps do not have unlimited selectivity 
against all other materials. A successful MEMS design musts navigate the available materials 
and processes to reach design specifications and price targets. In the case that process condi- 
tions are nonideal (e.g., due to finite selectivity, variability, nonuniformity), one must identify a 
processing method that provides the best robustness. 


Example 2.1 Chemical and Temperature Compatibility 


Discuss the chemical and temperature compatibility related to the process in Figure 2.20. 


Answer 
A process reactivity table is shown in Table 2.3. Step-by-step description of each step confirms 
that the IPR rules are observed. 


Step A. Growing silicon dioxide on surface of silicon at 900-1100°C does not harm the 
substrate. 

Step B. The spin coating of photoresist on silicon oxide is conducted at room tempera- 
ture. Photoresist does not react with silicon dioxide. 

Step C. The developer used to patter photoresist does not chemically react with the sili- 
con dioxide layer. The selectivity between oxide and photoresist is nearly infite. 

Step D. Silicon oxide is etched with diluted hydrofluoric acid. The HF solution does not 
chemically attack silicon substrate, nor the masking material (photoresist). 


TABLE 2.3 Cross-reactivity table. 


Process Agents Etching Agents Deposition Methods 

Material Photoresist Acetone Hydrofluoric Silicon wet Photoresist spin Thermal 
developer Acid (diluted) etchant coating oxidation Growth 

Spin-on Yes, low-speed | Yes Compromised Dissolution | Severe solvent Ashing 

photoresist erosion integrity diffusion & Thinning 

Soft-baked No Yes Compromised Dissolution | Solvent diffusion & Ashing 

photoresist integrity Thinning 

Hard-baked No Yes No Dissolution | Moderate thinning Ashing 

photoresist 

Oxide No No Yes Very slow No No 

Silicon No No No Yes No Yes, oxidation 

substrate will occur 
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Step E. The photoresist is removed with acetone, which is an organic solvent that does not 
react with silicon oxide or silicon substrate. 


Step F. The silicon is etched with anisotropic silicon etchant, which etches the silicon diox- 
ide at a rate that is 10-50 times smaller than that on silicon. 


Step G. The oxide mask is removed by HF etchant. The etch rate of HF on silicon sub- 
strate is negligible. 


SUMMARY 


This chapter is a first-pass discussion about microfabrication technology. I introduced the gen- 
eral framework of microfabrication and reviewed the process for fabricating representative mi- 
croelectronics circuit elements and silicon MEMS devices. 
The following is a list of major concepts, facts, and skills associated with this chapter. A 
reader can use this list to test related understanding. 
Qualitative Understanding and Concepts: 
e The reasons for using silicon in a planar wafer form for microelectronics and MEMS. 


e The major differences between conventional fabrication and manufacturing from micro 
fabrication, in aspects such as materials, handling, and tools. 


e Major cost elements associated with microfabrication and facilities. 
e The facilities and basic cost structure of MEMS fabrication and production. 
e Process steps for making a semiconductor transistor. 


e Process steps for making a bulk micromachined pressure sensor. Discuss the chemical 
selectivity and material compatibility for each step. 


e Ability to draw a cross-sectional process diagram involving multiple process steps. 
e Major points to consider when selecting a process flow involving multiple layers and materials. 
e The two ideal processing rules. 
e Definition of a robust process. 
Quantitative Understanding and Skills: 
e Draw process flow using a computer software. 
e Draw mask using a computer software. 
e Evaluate the pertinent quality (etch rate, selectivity) of a given process step. 


e Critic and evaluate the overall quality and robustness of a multistep process flow. (In 
Chapter 12, readers will be challenged with the task of designing and synthesizing a robust 
process flow.) 


PROBLEMS 
SECTION 2.1 


Problem 1: Review 


The purpose of this problem is to familiarize students with the basic hardware associated with microfabri- 
cation process. In this practical problem a student is to find first-hand the cost of facilities and equipment 
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related to MEMS industrialization and research. Suppose you are charged with building a microfabrica- 
tion research facility and are to buy one piece of each type of equipment necessary to perform a process 
depicted in Figure 2.18. For the purpose of completing this problem, we assume that major equipments 
needed in this process include at least the following: a photoresist spin coater, a contact aligner or a step- 
per, a metal evaporator, a thermal oxidation furnace, a four-tube LPCVD deposition system for polycrys- 
talline silicon, a light microscope with at least 40x magnification power, a plasma etcher, and a surface 
profile measurement tool (called a surface profilometer). Form a team of three students and research 
prices of used equipment items from a used equipment dealer (or dealers). Alternatively, you may also at- 
tempt to find new equipment costs. Find prices of representative systems capable of handling at least 4-in- 
diameter wafers. Compile a spreadsheet listing each item, the manufacturer, the model number, and the 
total cost of all major equipments identified above. 


Present all the findings in a concise presentation document. 


Problem 2: Review 


Part A: The equipment items listed in the previous problem are related to processing. However, 
many equipment items are of the behind-the-scene type, for example, those used for sustaining the 
operation of clean room environment. Conduct an online review and identify major facility equip- 
ment needed for building a cleanroom. Investigate the cost of a new or used system essential for 
cleanroom operation, such as a deionized water system, which is a critical piece of equipment for 
maintaining stability of chemistry and products. Consult published price information from used- 
equipment or new-equipment vendors. 


Part B: Form student groups and conduct online research on the cost of building cleanrooms. For 
example, you can find news articles about recent cleanroom built and their costs. 

Part C: Visit a local cleanroom and interview the cleanroom manager about costs of equipment and 
costs associated with running a cleanroom. 


Problem 3: Review 


Conduct an online search and find the current pricing of 4", 6” and 8” silicon wafers (single side polished, 
single crystalline) from vendors based on a purchase volume of 1000 wafers. 


Problem 4: Review 


Conduct an online search and find the current pricing of producing a 5” mask with 0.5 wm resolution. If a 
MEMS process requires ten mask layers, what is the total cost of making masks? 


SECTION 2.2-2.4 


Problem 5: Fabrication 


Find a software for drawing MEMS mask layout, and one for drawing process diagrams. Install those soft- 
ware titles to a convenient computer for future access. Free softwares are available on the Web, such as 
xkic (for circuit layout). Drawings of process flow can be made using a variety of software titles. Try to use 
specialized drawing software instead of built-in drawing tools embedded in word processors and presen- 
tation tools. Specialized software offers better and easier control of rendering details. (Hint: An instructor 
may specify common layout and drawing tools for the entire class.) For suggestions of such titles, a reader 
may refer to the book Web site for a list of recommended tools. 


Problem 6: Fabrication 


Draw the cross-section process flow of floating gate transistors discussed in Ref. [78]. Include detailed steps 
such as photoresist spin coating, development, and stripping. Do not include details of circuits fabrication. 
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Problem 7: Fabrication 


Draw the fabrication process for the pressure sensor discussed in the text (Figure 2.21). Expand the dia- 
gram to include all distinct steps, including detailed lithography steps. Part of the purpose of this exercise 
is for each student to identify, acquire and become familiar with a drawing software. Try to represent geo- 
metric profile faithfully by including details such as coverage on sidewalls and slopes. (Hint: If necessary, 
a reader may benefit by reading sections in Chapter 10 and 11 before proceeding. Alternatively, an in- 
structor of a class may discuss materials in Chapters 10 and 11 before assigning this homework problem.) 


Problem 8: Fabrication 


Draw the fabrication process for the surface micromachined cantilever discussed in the text (Figure 2.22). 
Include all detailed steps, including photoresist spinning, development, and removal. Try to represent geo- 
metric profile faithfully by including details such as coverage on sidewalls and slopes. 


Problem 9: Fabrication 


Part A: Draw the fabrication process of a classic CMOS transistor chip, showing one n-channel and 
one p-channel transistor side by side. 


Part B: Draw the mask layout corresponding to Part A. 


SECTION 2.7 


Problem 10: Fabrication 


In the bulk micromachining process for pressure sensors presented in this chapter (Figure 2.20), what is 
the reason that a photoresist layer must be used to pattern oxide, which then serves as a mask to silicon 
etching? Is it possible to abbreviate the process by using patterned photoresist as the silicon-etching 
mask? Explain the reason. (Find quantitative evidence and data.) 


Problem 11: Fabrication 


Refer to the process described in Figure 2.20. If silicon nitride is used instead of silicon oxide, what is the 
proper chemical treatment to reach step e and h from d and g, respectively? 


Problem 12: Challenge 


Assume you are a manager at Analog Devices in charge of developing the accelerometer product. You 
have received order from an important client and are to develop a production facility and all related re- 
sources for producing 1 million sensor units/months based on 4” wafer. Assume each wafer yield 400 sen- 
sors. Estimate the total annual costs, including major components such as wafers, all major relevant 
equipment, equipment, labor, wafer supplies, land (use estimation), and property tax (assume a month 
rate of 0.5% of land property value). Develop a spreadsheet to track the total estimate. Use educated 
guesses whenever necessary. 


In the end, prepare a one-page report to justify how much funding you will need to ramp up this project. 
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CHAPTER 3 


Review of Essential Electrical 
and Mechanical Concepts 


PREVIEW 


The MEMS research field crosses several disciplines, including electrical engineering, mechan- 
ical engineering, material processing, and microfabrication. The successful design of a MEMS 
device must take into consideration of many intersecting points. 

For example, when developing a micromachined sensor such as the ADXL accelerome- 
ter, a designer must consider both electrical and mechanical aspects. Electrical design aspects 
include the capacitance value and signal processing circuits (e.g., analog to digital conversion). 
Mechanical design aspects include the flexibility of the support beams, dynamic characteristics, 
and intrinsic stresses in the beam. These issues are intricately connected and are relevant to 
process, yield, and cost. 

This chapter covers some of the most essential concepts and analytical skills for MEMS. 
In order to maintain brevity and balance, only the most important and frequently encountered 
concepts are reviewed. 


Section 3.1 introduces the concept of semiconductor crystal and doping process, which 
lead to discussion of the fundamental procedure for determining the conductivity of semi- 
conductors based on doping concentrations; 

Section 3.2 discusses conventions for naming crystal planes and directions; 

Section 3.3 covers basic relations between stress and strain for various materials; 

Section 3.4 reviews procedures for calculating the bending of flexural beams under simple 
loading conditions; 

Section 3.5 is dedicated to discussing the deformation of torsional bars under simple load- 
ing conditions; 

Section 3.6 explains the origin of intrinsic stresses and methods for characterization, con- 
trol, and compensation; 


3.1 
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Section 3.7 discusses the mechanical behavior of micro structures under periodic loading 
conditions; 


Section 3.8 introduces methods for actively tuning the force constant and resonant fre- 
quency of beams. 


This chapter contains materials heavily condensed from several subject areas and courses. 
For in-depth studies of these and other related topics, a reader is encouraged to refer to the list 
of suggested reading materials outlined in Section 3.9. 


CONDUCTIVITY OF SEMICONDUCTORS 


Silicon, an element commonly found on sandy beaches and in window glasses, is the substrate 
of choice for building integrated circuits. Silicon belongs to a class of materials called semicon- 
ductors, which offers remarkable electrical characteristics and controllability for electronics cir- 
cuits. Semiconductor silicon is the most common material in the MEMS field. Naturally, the 
electrical and mechanical properties of silicon are of great interest. 

A semiconductor is fundamentally different from conductors (e.g., metals) and insulators 
(e.g., glass or rubber). As its name suggest, a semiconductor is a material whose conductivity 
lies between that of a perfect insulator and a perfect conductor. However, this only tells half of 
the story about why semiconductors are used heavily for modern electronics. More importantly, 
the conductivity of a semiconductor material can be controlled by a variety of means, such as 
intentionally introduced impurities, externally applied electric field, charge injection, ambient 
light, and temperature variations. These control “levers” lead to many uses of the semiconduc- 
tor materials, including bipolar junction transistors, field effect transistors, solar cells, diodes, 
and sensors for temperature, force, and concentrations of chemical species (e.g., chemical field 
effect transistors, or ChemFET). 

Certainly, the value of conductivity of a semiconductor piece is of tremendous interest. 
The macroscopic resistance and conductance are related to the microscopic conductivity. One 
of the most basic exercises in MEMS is to find the conductivity value of a semiconductor silicon 
piece based on its doping concentrations. This constitutes the major focus of this section. 

I assume a reader is familiar with basic knowledge of charge, voltage, electric field, current, 
and the Ohm’s law. A review of these topics can be found in textbooks and courses outlined in 
Section 3.9. 


Semiconductor Materials 


The unique electrical properties of semiconductors stem from their atomic structures. In this 
section, let us look at how conductivity of semiconductor silicon is originated. 

Silicon is a Group IV element in the periodic table. Each silicon atom has four electrons 
in its outermost orbit. As a consequence, each silicon atom in the crystal lattice shares four co- 
valent bonds with four neighboring atoms. 

Silicon atoms reside in a crystal lattice. The inter-atomic spacing between atoms is deter- 
mined by the balance of atomic attraction and repulsive forces. The density of silicon atoms in 
a solid is 5 X 10” atoms/cm? at 300 K. 

Electrons that covalently bond to the orbits of silicon atoms cannot conduct current and 
do not contribute to bulk conductivity. The conductivity of a semiconductor material is only 
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related to the concentration of electrons that can freely move in the bulk. An electron bond to a 
silicon atom must be excited with enough energy to escape the outermost orbit of the atom for 
it to participate in bulk current conduction. 

The statistically minimal energy needed to excite a covalently bonded electron to become 
a free charge carrier is called the bandgap of the semiconductor material. It corresponds to the 
energy necessary to break a single covalent bond between two atoms. The bandgap of silicon at 
room temperature is approximately 1.11 eV, or 1.776 x 10 !? J. For more detailed information, 
refer to classic textbooks on solid-state electronics devices ([1, 2]). 

Electrons can receive energy and be liberated from its host atoms by a number of means, 
including lattice vibration (e.g., temperature rise) and absorption of electromagnetic radiation 
(e.g., light absorption). Temperature plays an important role in determining the concentration 
of free electrons in a bulk. In fact, semiconductor silicon is insulating at absolute zero tempera- 
ture (0 K), when no free-electrons are available to conduct current. Higher temperatures lead 
to greater concentrations of free charge carriers and better conductivity. 

A metal conductor, in contrast, consists of metal atoms that are linked to one another 
with metallic bonds, which are generally weaker than covalent bonds. Electrons can readily 
break free and participate in current conduction. The equivalent bandgap associated with met- 
als is zero. Hence the conductivity of a metal conductor is always high and not sensitive to 
changes of temperature and light conditions. 

An insulator, on the other hand, involves atomic bonding that is much stronger than that 
of a semiconductor material, such as ionic bonds. In other words, the bandgap of insulators is 
much greater compared with that of semiconductors. Since it is difficult for electrons to break 
loose from the atom orbits, the concentration of free charge carriers and the conductivity of in- 
sulator materials are very low. 

Silicon is not the only semiconductor material used for MEMS. Other semiconductor ma- 
terials, such as germanium, polycrystalline germanium, silicon germanium, gallium arsenide 
(GaAs), gallium nitride (GaN), and silicon carbide (SiC), have also been used. The bandgaps of 
these materials are different from that of silicon [3, 4]. 

Certain organic materials also exhibit semiconductor characteristics. Organic semicon- 
ductors are being investigated for flexible circuits and displays. These generally involve differ- 
ent device architecture and fabrication methods compared with inorganic semiconductors. This 
topic is beyond the scope of this text; however, interested readers can read the following refer- 
enced papers to get acquainted on this emerging research topic [5-8]. 


Calculation of Charge Carrier Concentration 


The electrical conductivity of a semiconductor material is determined by the number of free charge 
particles in a bulk and their agility under the influence of electric field. In this section, we will discuss 
basic formulation for determining the number (or volumetric concentration) of free charge carriers. 

There are two types of free charge carriers—electrons and holes. Electrons that are freed 
by breaking covalent bonds are not the only participants in bulk current conduction. The bond 
vacancy left by an escaped electron, called a hole, can facilitate bulk current movement as a site 
for successive electron hopping. A hole carries a positive charge. In a given material, the abili- 
ties of the electrons and holes to conduct electricity are different, but they are often in the same 
order of magnitude. 
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The electron concentration in a semiconductor is denoted as n (units in electrons/em’, or 
cm °), while the hole concentration is denoted as p (cm +). The concentrations of electrons 
and holes under steady state, thermal equilibrium conditions (i.e., no external current and no 
ambient light) are commonly referred as mg and po, respectively. The subscript 0 indicates 
values under thermal equilibrium. 

There are two categories of semiconductor bulk —intrinsic and extrinsic. I will discuss the 
intrinsic semiconductor material first, since it is the simplest form. I will then review extrinsic 
materials, which are encountered more often in MEMS and microelectronics. 

A perfect semiconductor crystal has no impurities and lattice defects in its crystal struc- 
ture. It is called an intrinsic semiconductor material. In this type of material, electrons and holes 
are created through thermal or optical excitation. When a valence electron receives enough en- 
ergy, either thermally or optically, it is freed from the silicon atom and leaves a hole behind. 
This event is called electron-hole pair generation. 

The number and concentrations of electrons and holes, however, do not increase without 
limit over time. Free electrons and holes can recombine and give up energy along the way. This 
process, called recombination, competes with the generation process. Under steady state condi- 
tions, the generation and recombination rates are identical. 

Since the electrons and holes are created in pairs, the electron concentration (n) is equal 
to the concentration of holes (p). For intrinsic materials, their common value is further denoted 
as n;, with the subscript i standing for the word intrinsic. The relation is summarized as 


n= p =n, (3.1) 


The magnitude of n; is a function of the bandgap and temperature, according to 


24 4a? mmk T ape 5a 
n = 72 eT, (3.2) 


where mi, mj, k, T, and E, are the effective mass of electrons, effective mass of holes, the Boltz- 
mann’s constant, absolute temperature (in degree Kelvin), and the bandgap. The term A is the 
Planck’s constant. For example, the value of n; for Si at room temperature is only 1.5 x 10!°/em3, 
much smaller compared to the silicon atom density of approximately 5 X 1077/cem?. 

The SI unit of the carrier concentrations is m~*. Due to historical reasons, the CGS unit 
system for carrier concentration (cm 7°) is prevalently used. 

Most semiconductor pieces are not perfect intrinsic material, however. They often have 
impurities atoms in them—by accident or by design. The impurity atoms contribute additional 
electrons or holes, generally in an unbalanced manner. The intentional introduction of impuri- 
ties, called doping, would turn an intrinsic material into an extrinsic semiconductor material. 
Impurities can be introduced in a number of ways, most notably through diffusion and ion im- 
plantation. They can also be incorporated into semiconductor lattice during the growth of the 
material as well. This process is called in situ doping. 

Unregulated introduction of metal ions, such as sodium ions from human sweat, can cause 
dramatic degradation of transistor performance. Hence the presence of metal ions is heavily 
regulated in cleanrooms. 

A dopant atom generally displaces a host atom when introduced into the crystal lattice. A 
dopant atom with more electrons in its outmost shell than a host atom is able to introduce, or 
“donate” its extra electrons to the bulk. This step, called ionization, occurs readily under room 
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temperature. This type of dopant is called a donor. For example, a phosphorus (P) atom intro- 
duced into silicon bulk is a donor, because phosphorus is a Group V element with five electrons 
in the outermost shell while needing only four atoms to form covalent bonds with four neigh- 
boring silicon atoms. A phosphorus-doped silicon generally has more free electrons than holes 
(no > po) at room temperature. When the electron concentration is greater than the hole con- 
centration, the electron is called the majority carrier and the semiconductor material is called 
an n type material. An easy way to memorize this naming convention is to remember that the 
letter n stands for negative (as in negative charges), and corresponds to the symbol for the con- 
centration of electrons, the majority carrier in this case. 

A dopant atom with fewer electrons in its outmost shell than a host atom has will “accept” 
electrons from the bulk. This type of dopant is called an acceptor. For example, a boron (B) atom 
in a silicon bulk is an acceptor, because boron is a Group III element with three electrons in the 
outer shell. A boron-doped silicon generally has more free holes than electrons (nọ < po). 
When the hole concentration is greater than that of electrons, the hole is the majority carrier 
and the semiconductor material is called p type. The letter p stands for positive (as in positive 
charges) and corresponds to the symbol for the concentration of holes, the majority carrier in 
this case. 

For a doped semiconductor piece, the concentrations of carriers (no and po) are different 
from n;. However, it can be proven that the concentration of electrons and holes under thermal 
equilibrium follows a simple relation, 


nopo = nọ. (3.3) 


In MEMS and microelectronics, doped extrinsic semiconductors are used prevalently. 
One of the most important exercises is to find the free carrier concentrations from known dop- 
ing levels. I will review the procedure for a general case below. 

For an extrinsic material with a donor concentration of N4 and an acceptor concentration 
of N,, the concentrations of electrons and holes can be determined by following the procedure 
below. (N4 and N, are generally unequal.) Since the doping process involves injecting neutral 
atoms into a neutral bulk, charge neutrality of the bulk is always maintained. The concentration 
of negative charges in a bulk is made up of that of electrons and ionized acceptor atoms (N3). 
The concentration of positive charges in a bulk consists of that of holes and ionized donor 
atoms (Nj). The condition of charge neutrality gives 


Pot NG = n + Ni. (3.4) 


In order to calculate the concentration of electrons, we replace py with n?/no and rearrange 
terms, to yield 


m- = = Ni - Ng (3.5) 


or 
ng — (Nj — No) — n? = 0. (3.6) 
An alternative expression in terms of pọ is 


Po — (Na — Nipo — n? = 0. (3.7) 
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Under common operation temperatures of semiconductors, donors and acceptors are as- 
sumed to be fully ionized, i.e., N7 = N, and Ng = N4. 

The magnitude of mp and pọ can be found by solving these second order quadratic equa- 
tions, once the concentration of dopants are known. Two solutions can be found; the one that 
makes physical sense should be accepted. 

The left hand side of Equation 3.6 can be simplified if the magnitude of Ng — N, is much 
greater than n;—the term n? can be ignored. In this case, one can approximate the concentra- 


tion of electrons by 
no = N} — Ni. (3.8) 


Subsequently, the concentration of holes can be found by solving nopo = n? Equation 3.3. 
On the other hand, if the acceptor concentration far outweighs that of donor concentra- 
tion and N, — N4 is much greater than n;, the concentration of holes can be approximated by 


po = Na — Na (3.9) 


using Equation 3.7. The concentration of electrons are found by solving Equation 3.3 


Example 3.1 Calculation of Carrier Concentrations 


Consider a piece of silicon under room temperature and thermal equilibrium. The silicon is 
doped with boron with a doping concentration of 10!° atoms/cm*. Find the electron and hole 
concentrations. 


Solution. We assume that under the room temperature, the boron dopant atoms are all ion- 
ized (N, = N, ). Since the concentration of ionized acceptor atoms (Ny = 10'®/cm?) is six orders 
of magnitude greater than n;, which is (1.5 x 10!%/cm*), we have according to Equation 3.9, 
= 1016/ 3 
Po = cm”. 
Therefore, the magnitude of electron concentration is 
2 


DN 


no © — = 2.25 X 10*/cem?. 


vi 
Po 


Note the concentration of dopants is much smaller compared to the density of lattice atoms. 


Conductivity and Resistivity 


The conductivity of a bulk semiconductor is a measure of its ability to conduct electric cur- 
rent. In this section, I will discuss formula for calculating electrical conductivity when carrier 
concentrations of both types ( electrons and holes) are known. The overall conductivity of a 
semiconductor is the sum of conductivities contributed by these two types individually. 

Free charge carriers move under the influence of an electric field. This mode of carrier 
transport is called drift. The agility of charge carriers drifting under the influence of a given 
field affects the conductivity of the bulk. How fast can a free charge carrier move then? 

A free charge carrier in a crystal lattice does not reach arbitrarily high speed over time 
when it is placed in an uniform and constant electric field. Rather, it is frequently slowed or halted 
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when it collides with lattice atoms and other free charge carriers. A charge carrier reaches a sta- 
tistical average velocity (V) between collision events. The magnitude of the velocity is the mathe- 
matical product of the magnitude of the local electric field (E) and the agility of the carrier, 
usually represented by a term called the carrier mobility, u. The mobility is defined as 


u (3.10) 
with the unit being (m/s)/(Vim) = m7/V-s. 

The values of the mobility are influenced by the doping concentration, temperature, and 
crystal-orientation, in a complex manner [1]. Certain materials (such as GaAs) offer higher 
electron and hole mobilities than silicon and are used in high-speed electronic circuits. 

The statistical average distance a charge carrier travels between two successive collision 
events is called its mean free path, d. The average time between two successive collision events 
is the mean free time, 7. The average velocity, mean free path and mean free time are linked by 
the relation 


a= Ver (3.11) 


Armed with knowledge about carrier concentration and their speed, we are set to derive 
the expression for the conductivity of a bulk semiconductor. 

We start from the familiar Ohm’s law, which states that the bulk resistivity (p) associated 
with a material is the proportionality constant between an applied electric field and the resul- 
tant current density J, 


E = pl. (3.12) 


The current density equals current divided by the cross-sectional area. The conductivity is 
the reciprocal of the resistivity (o = 1/p). The relationship between the current density and the 
applied electric field can be rewritten as 


J=cE. (3.13) 


The conductivity o is explicitly defined as 
o=—. (3.14) 


The relation between J and E can be found by using a model depicted in Figure 3.1. A 
macroscopic resistor made of doped semiconductor carries current 7 under applied voltage V. 
First, a box volume is isolated from the bulk semiconductor resistor. The length of the box is par- 
allel to the direction of charge movement and that of the external electric field. The length of the 
box is intentionally chosen to be the mean free path of electrons in the bulk (d). The current den- 
sities of the box and the bulk resistor are identical, since the box is a sampling of a resistor bulk. 

The current density associated with the box is the total charge passing through the section 
in a given period of time, divided by the cross-sectional area (A). The total amount of charges 
within the volume at any given instant, Q, equals the product of the carrier concentration, the 
volume of the imaginary box, and the charge of unit charged particles, g. Since the length of the 
box is set as the mean free path, these charged particles are bound to pass through the section 
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d A semiconductor 
@ electron resistor. 


within the mean free time. The total electric current associated with section A — I, is simply the 
ratio of Q and the mean free time. 
The conductivity contributed by electrons is derived 


I, Q (nAdq) 
J A At At nVq 
on E E E E or a Nung (3.15) 


where I4, A, Q, and q are the current, sample cross section, total charge in a volume defined as 
the product of the A and d, and charge of a unit carrier (q = 1.6 X 101C), respectively. The 
term uņ is the mobility of electrons. 

The conductivity associated with holes is 


Op = Phpq. (3.16) 
The term up is the mobility of holes. 

The total conductivity equals the summation of conductivities contributed by electrons 
and holes. The overall resistivity can be expressed as the functions of the mobility and the car- 
rier concentrations, 

1 1 1 
p= = = . 
© Ont Oy (Man + upp) 

While the resistivity is a material- and doping dependant value for semiconductor silicon, 
the resistance of a resistor element is related to its dimensions. Once the resistivity and dimen- 
sions of a resistor are known, the total resistance can be calculated. 

The resistance is defined by the ratio of voltage drop and current load. The total voltage 
drop is the product of the electric field and length. Meanwhile, the current is the product of the 
current density and the cross section (A = w X t). The expression of resistance is 
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The terms p, is the sheet resistivity, which equals resistivity divided by the thickness of the 
resistor or, in the case of a doped semiconductor resistor, the thickness of the doped region. The 
unit of sheet resistivity of Q, or Q/U. The term [O is called a square. If you imagine the pattern 
of a resistor viewed from the top as being formed with square tiles with the size of the tile 
equaling to the width of the resistor, the number of square tiles needed to layout the entire re- 
sistor pattern equals the ratio between the length and width. Each imaginary tile corresponds 
to a square. The notation of square was invented in the integrated circuit industry, as a way of 
simplifying communication between circuit designers and circuit manufacturers. The sheet re- 
sistivity encapsulates information of doping concentration and depth, letting designers focusing 
on geometric layout rather than process details (such as depth). 


( 2 
2# Example 3.2 Calculation of Conductivity and Resistivity 


The intrinsic carrier concentration (n;) of silicon under room temperature is 1.5 X 10!°/em?. A 
silicon piece is doped with phosphorus to a concentration of 1018 cm~°. The mobility of elec- 
trons and holes in the silicon are approximately 1350 cm7/V-s and 480 cm?/V-s, respectively. 
Find the resistivity of the doped bulk silicon. 


Solution. Following the same procedure as in Example 3.1, one can easily identify the con- 
centration of electrons and holes as 
no = 10!8 cm 
2 
Po = — = 225cem > 
no 


The resistivity of the doped silicon is calculated by plugging in the following formula 


1 1 
paea 
©  q(Mnto + MpPo) 
1 
1.6 x 107}? x (1350 x 1018 + 480 x 225) 
= 0.0046 ae = 0.0046 = 0.00460 -cm 


( 2 
2 Example 3.3 Sheet Resistivity 


Continue with Example 3.2. If the doped layer is 1 wm thick and has uniform doping thickness 
within the layer, find the sheet resistivity of the doped layer. A resistor is defined using the 
doped layer with geometries shown in Figure 3.2(a). What is the resistance of the resistor? How 
much heat would be generated by the resistor when a 1 mA current is passed through it? What 
is the resistance of the resistor shown in Figure 3.2(b)? 


Solution. The sheet resistivity is 
p _ 0.0046(Qcm) 


t 10 4(cm) 


= 46 0/ 


Ps = 
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The resistance can be calculated in two ways. First, resistance is equal to resistivity multiplied 
by the length and divided by the cross-sectional area, namely, 
EPEA 
Pwe 
The second method is simpler in this case. The resistance is equal to sheet resistivity multiplied 


by the number of squares. Ignoring the corners, there are 15 squares within the resistor. The 
total resistance is 


l 
R = p, — ~ 46 X 15 = 690 Q. 
Ww 


When the bias current is 1 mA, the ohmic heating power is 
P = PR = 0.69 mW. 


Recognizing the fact that the resistor in (b) has the same number of squares as the one in (a), 
they must have the same resistance value, 690 Q. 


CRYSTAL PLANES AND ORIENTATIONS 


Silicon atoms in a crystal lattice are regularly arranged in a lattice structure. Materials proper- 
ties (such as the Young’s modulus of elasticity, mobility, and piezoresistivity) and chemical etch 
rates of silicon bulk often exhibit orientation dependency. The cross-sectional views of the sili- 
con crystal lattice from several distinct orientations are shown in Figure 3.3. Obviously, the 
atom packing density is different according to different planes, giving rise to crystal anisotropy 
of electrical and mechanical properties and etching characteristics. 


Wafer {100} {110} {111} 
orientation 


Lattice top 
view 


FIGURE 3.3 


Lattice cross section of silicon crystal along representative directions. 
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A set of common notations, called Miller Indexes, has been developed for identifying and 
visualizing planes and directions in a crystal lattice. 

Let us first discuss the procedure for naming planes. A crystal plane may be defined by 
considering how the plane intersects the main crystallographic axes of the solid. A rectangular 
coordinate system is shown in Figure 3.4 with the lattice constant identified as a. 

The procedures are most easily illustrated using a rudimentary example. We will first 
consider the highlighted surface/plane filled with a solid color (Figure 3.5). Two major steps 
are involved. 


Step 1. Identify the intercepts of the plane with the x, y, and z axes. In this case the intercept 
on the x-axis is at x = a,i.e., at the point with coordinates (a, 0,0). Since the surface is par- 
allel to the y- and z-axes, there are no intercepts on these two axes. We shall consider the 
intercept to be infinity (Co) for a case when a plane is parallel to an axis. The intercepts on 
the x-, y-, and z-axes are thus a, 00, ©o. 


Step 2. Take the reciprocals of the three numbers found in Step 1 and reduce them to the 
smallest set of integers h, k, and /. For the example at hand, the reciprocals of three inter- 
cepts are 1/a, 1/20 (=0), and 1/co(=0). We reduce these three values to the smallest set of 
integers. In this case, the task is achieved by multiplying these numbers with a. The set of 
integers, enclosed in parenthesis according to the form (Akl), constitute the Miller Index 
for the plane. The Miller Index of the highlighted plane in Figure 3.5 is (100). 


From a crystallographic point of view, many planes in a lattice are equivalent. For exam- 
ple, any plane parallel to the shaded plane in Figure 3.5 would also be (100). Three parallel 
planes in Figure 3.6 are all (100) planes. 

Silicon lattice belongs to the cubic lattice family. In a cubic lattice, materials properties 
exhibit rotational symmetry. Hence (010) and (001) planes in the lattice (Figure 3.6) are 
equivalent to (100) plane in terms of material properties. To represent a family of such 
equivalent planes, a set of integers are enclosed in braces { } instead of parentheses ( ). For 
example, crystal planes (100), (010), and (001) are said to belong to the same {100} family 
(Figure 3.6). 


FIGURE 3.4 FIGURE 3.5 FIGURE 3.6 
Cubic lattice. (100) plane. Equivalent planes. 
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TABLE 3.1 Summary of notation for planes, directions, and their families. 


Single element notation Family notation 
Directions [hkl] <hkl> 
Planes (hkl) {hkl} 


The Miller Index is also used to denote directions in a crystal lattice. The Miller Index of 
the direction of a vector consists of a set of three integers as well, determined by following a 
two- step process outlined below: 


Step 1. In many cases a vector of interest does not intercept with the origin of the coor- 
dinate system. If this is the case, find a parallel vector that start at the origin. The Miller 
Indexes of parallel vectors are identical. 

Step 2. The three coordinate components of the vector intercepting with the origin are 
reduced to the smallest set of integers while retaining the relationship among them. For ex- 
ample, the body diagonal of the cube in Figure 3.4 extending from point (0,0,0) to point 
(la, la, 1a) consists of three X, Y, and Z components, all being 1a. Therefore, the Miller 
Index of the body diagonal consists of three integers, 1, 1, and 1, enclosed in a bracket [111]. 


In a cubic lattice a vector with Miller Index [hkl] is always perpendicular to a plane (hkl). 

Vectors that are rotationally symmetric belong to a family of vectors. The notation of a 
family of vectors consists of three integers enclosed in < >. 

The most frequently encountered silicon crystal planes in MEMS are illustrated in the di- 
agram below. Note the positions of the {100}, {110} and {111} families of surfaces, along with the 
corresponding crystal directions, <100>, <110>, and <111>. Any surface in the {111} surface 
family intercepts the (100) surface at an inclination angle of 54.75°. A (110) plane intercepts a 
(100) plane at an angel of 45°. 


<100> 


FIGURE 3.7 
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Commercial silicon wafers can be purchased with different front surface “cuts”. <100>- 
oriented wafers are used for metal-oxide-semiconductor (MOS) electronics devices for its low 
density of interface states. <100> wafers are also prevalently used for bulk silicon micromachin- 
ing of MEMS devices. <111>-oriented wafers, on the other hand, are commonly used for bipolar 
junction transistors because of high mobility of charge carriers in the <111> direction. They have 
been used for MEMS applications occasionally (see Chapter 10). Surface micromachined mi- 
crostructures without circuit integration can be performed on wafers of any orientation. 


STRESS AND STRAIN 


In this section, I will discuss the basic concepts of stress and strain, and their relations. It is as- 
sumed that a reader is familiar with the general concepts of force and torque. 


Internal Force Analysis: Newton's Laws of Motion 


Stress is developed in response to mechanical loading. Therefore, methods for analyzing inter- 
nal forces inside a micromechanical element based on loading conditions will be discussed first. 

Newton’s three laws of motion is the foundation for analyzing the static and dynamic be- 
haviors of MEMS devices under loading. Here, these three laws are briefly reviewed. 


Newton’s laws Statement 

Newton’s First Law of Motion Every object in a state of uniform motion tends to remain in 
(The Law of Inertia) the state of motion unless an external force is applied to it. 
Newton’s Second Law of Motion The relationship between an object’s mass m, its accelera- 


tion a, and the applied force Fis F = ma. Acceleration 
and forces are vectors. The direction of the force vector is 
the same as the direction of the acceleration vector. 


Newton’s Third Law of Motion For every action there is an equal and opposite reaction. 


One of the most frequently encountered consequences of the Newton’s Laws is that, for 
any stationary object, the vector sum of forces and moment (torque) on the object and on any 
part of it must be zero. 

These laws are used to analyze force distribution inside a material, which gives rise to 
stress and strain. I will illustrate the procedures for force analysis using the following examples. 

Consider a bar firmly embedded in a brick wall with an axial force F applied at the end 
(Figure 3.8). Since the force is transmitted through the bar to the wall, the wall must produce a re- 
action according to the Newton’s Third Law. The wall would act on the left end of the bar with an 
unknown force. To expose and quantify this force, we imaginarily remove the wall, and replace it 
with the actions it imparts on the bar. This free-body diagram of the bar clearly reveals that the 
wall must provide an axial force with equal magnitude but opposite direction to the applied force, 
so that the total force on the bar is zero to maintain its stationary status (Newton’s First Law). 

We can use this technique to expose and quantify hidden forces and stresses at any section. 
Since the bar is in equilibrium, any part of it must be in equilibrium as well. We can pick an arbi- 
trary section of interest, and imaginarily cut the bar into two halves. (If this section is cut per- 
pendicular to the longitudinal direction of the bar, it is called a cross section.) The convenient 
way to analyze the force on each of the two pieces is to start from the right-hand piece, since the 
loading condition on one of its ends is explicitly known. 
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free-body diagram 


F | F FIGURE 3.8 


/ Force balance analysis 


Since a force is applied at the free end of the bar, an equal but opposite force must de- 
velop at the cross section. The two opposite faces at the cut sections must have matched force 
and moment with opposite signs, as dictated by the Newton’s Third Law. Hence a force of mag- 
nitude F is believed to act on the right end of the left-hand piece, even if we have no way of 
measuring it experimentally since the surface is actually hidden. 

Now let us consider the same bar under a force acting in the transverse direction (Figure 3.9). 
Again, we isolate the bar by imaginarily removing the wall. The sum of forces and moments act- 
ing on the isolated bar must be zero. For the net force to be zero, a force of same magnitude but 
opposite sign must act on the end of the bar attached to the wall. The pair of force, however, cre- 
ates a torque (also referred to as a couple or a moment in mechanics) with the magnitude being F 
times L, the length of the bar. A reactive torque, with the magnitude of F times L but opposite 
sign, must act on the end of the bar attached to the wall. 

To calculate the reactive force and torque at an imaginarily cut section, we can start from 
the piece to the right, since the loading on one of its ends is known. The face at the cross section 
would experience an opposite force and a torque to balance the one created by the pair of 
force, separated by an arm of L’. 

The imaginarily cut section on the piece to the left would have exactly opposite force and 
torque as the opposing surface (according Newton’s Third Law). The magnitude of the sum of 
torques on the left-hand piece is equal to $M = FL — FL' = FL", which equals the force (F) 
multiplied by the length of the left-hand piece (L”). The net force and torque acting on the left- 
hand piece are both zero. 
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Definitions of Stress and Strain 


Mechanical stresses fall into two categories —normal stress and shear stress. We will first review 
the definition of these two stresses using simple cases depicted in Figure 3.10. 

For the simplest case of normal stress analysis, let us consider a rod with uniform cross- 
sectional area subjected to axial loading. If we pull on the rod in its longitudinal direction, it will 
experience tension and the length of the rod will increase (Figure 3.10). 

The internal stress in the rod is exposed if we make an imaginary cut through the rod at 
a section. 

At any chosen cross section, a continuously distributed force is found acting over the 
entire area of the section. The intensity of this force is called the stress. If the stress acts ina 
direction perpendicular to the cross section, it is called a normal stress. The normal stress, 
commonly denoted as a, is defined as the force (F) applied on a given area (A), 


pee (3.19) 


The SI unit of stress is N/m?, or Pa. 


3.3 Stress and Strain 85 


normal stress/strain shear stress/strain 
a rod under no applied force 
unloaded 
L 
F ry 
loaded SoA F 
FIGURE 3.10 
k >| 
L+AL Normal stress and shear 
F stress. 


A normal stress can be tensile (as in the case of pulling along the rod) or compressive (as 
in the case of pushing along the rod). The polarity of normal stress can also be determined by 
isolating an infinitesimally small volume inside the bar. If the volume is pulled in one particular 
axis, the stress is tensile; if the volume is pushed, the stress is compressive. 

The unit elongation of the rod represents the strain. In this case, it is called normal strain 
since the direction of the strain is perpendicular to the cross section of the beam. Suppose the 
steel bar has an original length denoted Lo. Under a given normal stress the rod is extended to 
a length of L. The resultant strain in the bar is defined as 

_L-—Ly AL 


3.20 
5 ix Lo (3.20) 


The strain is commonly denoted as ¢ in mechanics. However, it could easily be mistaken 
with the notation reserved for electrical permitivity (dielectric constant) of a material. In most 
cases, this is very clear based on the context of the discussion. In others, such as the discussion 
of piezoelectricity where the constitutive equations involve both strain and permitivity, the 
strain and permitivity terms must be assigned different notations to avoid confusion. In this 
textbook, the strain is always denoted as s to prevent any possible confusion. 

In reality, the applied longitudinal stress along the x-axis not only produces a longitudinal 
elongation in the direction of the stress, but a reduction of cross-sectional area as well (Figure 3.11). 
This can be explained by the argument that the material must strive to maintain constant 
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atomic spacing and bulk volume. The relative dimensional change in the y and z directions can 
be expressed as £, and e,. This general material characteristic is captured by a term called the 
Poisson’s ratio, v, which is defined as the ratio between transverse and longitudinal elongations: 


(3.21) 


Sy 


Stress and strain are closely related. Under small deformation, the stress and the strain 
terms are proportional to each other according to the Hooke’s law, i.e., 


o = Es. (3.22) 


The proportion constant, E, is called the modulus of elasticity. The general relation be- 
tween stress and strain over a wider range of deformation, however, is much more complicated. 
More in-depth discussion is found in section 3.3.3. 

The modulus of elasticity, often called the Young’s modulus, is an intrinsic property of a 
material. It is a constant for a given material, irrespective of the shape and dimensions of the 
mechanical element. Atoms are held together with atomic forces. If one imagines inter-atomic 
force acting as springs to provide restoring force when atoms are pulled apart or pushed to- 
gether, the modulus of elasticity is the measure of the stiffness of the inter-atomic spring near 
the equilibrium point. 


Example 3.4 Longitudinal Stress and Strain 


A cylindrical silicon rod is pulled on both ends with a force of 10 mN. The rod is 1 mm long and 
100-um in diameter. Find the stress and strain in the longitudinal direction of the rod. 


Solution. The stress is calculated by dividing the force by the cross-sectional area, 

Foy - 10 e108 

A (= x wy 
% 2 


= 3.18 x 10° N/m? 


o= 


The strain equals the stress divided by the strain, 


g _ 3.18 x 10° 
E130 x 10° 


=A x 10 


Shear stresses can be developed under different force loading conditions. One of the simplest 
ways to generate a pure shear loading is illustrated in Figure 3.10, with a pair of forces acting on 
opposite faces of a cube. In this case, the magnitude of the shear stress is defined as 


T= (3.23) 


The unit of 7 is N/m. Shear stress has no tendency to elongate or shorten the element in the 
x, y, and z directions. Instead, the shear stresses produce a change in the shape of the element. The 
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original element shown here, which is a rectangular parallelepiped, is deformed into an oblique 
parallelepiped. Shear strain, y, defined as the extent of rotational displacement, is 


_ Ax 


> (3.24) 


Y 

The shear stress is unit less; in fact, it represents the angular displacement expressed in the 

unit of radians. The shear stress and strain are also related to each other by a proportional con- 
stant, called the shear modulus of elasticity, G. The expression of G is simply the ratio of 7 and y, 


z 
G=-. 3.25 
F (3.25) 
The unit of G is N/m?. The value of G depends on the material, not the shape and dimen- 
sions of an object. 
For a given materials, E, G, and the Poisson’s ratio are linked through the relationship 
E 


General Scalar Relation Between Tensile Stress and Strain 


The relationship between tensile stress and strain has been studied both theoretically and ex- 
perimentally for many materials, especially metals. The relation between normal stress and 
strain expressed by Equation 3.22 is only applicable over a narrow range of deformation. Their 
relationship over a wider range of deformation is discussed in this section. 

In order to determine the stress-strain relation, a tensile test is commonly used. A rod 
with precise dimensions, calibrated crystalline orientation and smooth surface finish is sub- 
jected to a tension force applied in the longitudinal direction. The amount of relative displace- 
ment and the applied stress are plotted on a stress-strain curve until the beam breaks. 

A generic stress-strain curve is illustrated in Figure 3.12. At low levels of applied stress 
and strain, the stress value increases proportionally with respect to the developed strain, with 
the proportional constant being the Young’s modulus. This segment of the stress-strain curve is 
called the elastic deformation regime. If the stress is removed, the material will return to its 
original shape. This force loading can be repeated for many times. 

As the stress exceeds a certain level, the material enters the plastic deformation regime. 
In this regime, the amount of stress and strain does not follow a linear relationship anymore. 
Furthermore, deformation cannot be fully recovered after the external loading is removed. 

Bend a metal paper clip wire slightly, it will always return to its original shape. If the wire 
is bent beyond a certain angle, the clip will never return to original shapes again. Plastic defor- 
mation is said to have occurred. 

Stress-strain curves for materials in compression differ from those in tension [9]. 

The stress-strain curve has two noticeable points — yield point and fracture point. Before 
the yield point is reached, the material remains elastic. Between the yield point and the fracture 
point, the specimen undergoes plastic deformation. At the fracture point, the specimen suffers 
from irreversible failure. The y-coordinate of the yield point is the yield strength of the mater- 
ial. The y-coordinate of the fracture point is designated the ultimate strength (or the fracture 
strength) of the material. 
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For many metals the generic relationship depicted in Figure 3.12 is true. However, not all 
materials exhibit this generic stress-strain relationship. Some representative curves for differ- 
ent classes of materials are shown in Figure 3.13, including brittle materials (such as silicon) and 
soft rubber, both are used extensively in MEMS. 
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There are several common qualitative phrases used to describe materials—strong, ductile, 
resilient, and tough. These terms can be explained much more clearly by relating to the stress- 
strain curves. 

A material is strong if it has high yield strength or ultimate strength. By this account, sili- 
con is even stronger than stainless steel. 

Ductility is an important mechanical property. It is a measure of the degree of plastic de- 
formation that has been sustained at the point of fracture. A material that experiences very lit- 
tle or no plastic deformation upon fracture is termed brittle. Silicon is a brittle material, which 
fails in tension with only little elongation after the proportional limit is exceeded. Ductility may 
be expressed quantitatively as either percent elongation or percent reduction in area. 

Toughness is a mechanical measure of the ability of a material to absorb energy up to 
fracture. For a static situation, toughness may be ascertained from the result of the tensile 
stress-strain test. It is the area under the stress-strain curve up to the point of fracture. For a ma- 
terial to be tough, it must display both strength and ductility. 

Resilience is the capacity of a material to absorb energy when it is deformed elastically 
and then, upon unloading, to have this energy recovered. 


Mechanical Properties of Silicon and Related Thin Films 


For brittle material like silicon, polysilicon, and silicon nitride, the values of the fracture stress 
and fracture strain are very important for reliability [10, 11]. However, experimental values of 
fracture stress, Young’s modulus, and fracture strain of single crystalline silicon, polycrystalline 
silicon, and silicon are relatively scarce and scattered. It is scarce because the accurate mea- 
surement of miniature sample specimen is more challenging than for macroscopic samples. It is 
scattered because the materials properties are affected by a variety of subtle factors that are 
often unreported or not easily traceable, such as exact material growth conditions, surface fin- 
ish, and thermal treatment history. For macroscopic samples, the variation is less obvious be- 
cause of the average effect from a large specimen. Unfortunately, many experimental data 
obtained from macroscopic samples do not apply to microscale samples. 

Certain measured material properties, such as fracture strength, quality factor [12], 
and fatigue lifetime, depend on the size of specimen [13, 14]. The size effects on certain 
MEMS specimen, such as single crystal silicon and silicon compound thin films, have been 
studied extensively [15-17]. For example, one study found that the fracture strength is size 
dependant, being 23-38 times larger than that of a millimeter-scale sample [16]. The fracture 
behavior of silicon, for example, is governed by the presence of flaws and preexisting cracks. 
For small single crystal silicon structures, the devices may exhibit large elastic strength and 
strain than what is predicted for bulk materials due to the lack of flaws in the small volume 
of silicon involved. 

For single crystal silicon, the Young’s modulus is a function of the crystal orientation [18, 19]. 
In the {100} plane, the Young’s modulus of silicon is the greatest in the [110] direction (168 GPa) 
[17] and the smallest in the [100] direction (130 GPa). In the {110} plane, the Young’s modulus 
of silicon is the greatest in the [111] direction (187 GPa). The shear modulus of silicon is a func- 
tion of the crystal orientation as well [18]. The Poisson’s ratio of silicon has rather broad range, 
form 0.055 to 0.36, depending on the orientation and measurement configuration [18]. Unfor- 
tunately, there is significant data scattering. 
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For polysilicon thin films, the Young’s modulus depends on the exact process conditions of 
the materials, which differs from laboratory to laboratory due to subtle changes of growth condi- 
tions. Polysilicon grown by LPCVD exhibits a (100) texture and rather uniform columnar grains 
[20]. In fact, the mechanical properties of LPCVD polysilicon exhibit angular dependence due to the 
columnar structure. The value for Young’s modulus of polysilicon ranges from 120 GPa to 175 GPa, 
with the average being approximately 160 GPa. The doping level seems to affect the Young’s mod- 
ulus. A comprehensive summary can be found in [21, 22]. More importantly, it has been observed 
that the modulus values may differ even if the measurements are conducted on the same material, 
from the same run, in a same reactor, and in close physical proximity. It appears advisable for any 
microfabrication facility not to use the properties cited in the literature but to identify the most 
feasible measurement technique and conduct measurement for every fabrication run [22]. 

The reported Poisson’s ratio ranges from 0.15 to 0.36 [22]. The widely quoted value of the 
Poisson’s ratio of polysilicon is 0.22. 

Measured fracture strength of polysilicon ranges from 1.0 to 3.0 GPa, obtained on differ- 
ent polysilicon samples and using different techniques (e.g., tension, flexural bending, and 
nanoindentation) [23]. The fracture strain of polysilicon is temperature related; it increases with 
rising temperature to a certain point, being approximately 0.7% (at room temperature) and 
1.6% at 670°C. The Young’s modulus and fracture strength for polycrystalline materials depend 
on the crystal microstructure and the size of devices [24]. Experimental studies have been per- 
formed to find that the fracture strength of polycrystalline silicon increases as the total surface 
area of the test section decreases [21]. 

For thin film silicon nitride, experimental results tend to deviate from each other and 
from that of bulk silicon nitride [25]. One report shows that the Young’s modulus is 254 GPa 
and the fracture strength is 6.4 GPa, indicating that the fracture strain is 2.5% [26]. 

The properties of thin films and microstructures are difficult to study directly due to their 
small dimensions. A number of techniques and structures have been developed to increase the 
accuracy and efficiency of measurement [13, 24, 27-30]. In some cases, material properties of 
microscale structures are most efficiently and accurately studied using micro actuators and sen- 
sors that are cofabricated with the specimen [13, 31]. 

Many MEMS applications are potentially subjected to shock loading that may occur during 
fabrication, deployment, or operation. It is of interest to extract comprehensive guidelines, using 
both experimental and analytical tools. The behavior of MEMS devices under shock loads has 
been studied [32]. One strategy for increasing the shock tolerance is to use ductile materials such 
as polymers. An example of optical scanning with polyimide based hinges is discussed in [33]. 

Microstructures may fail under repeated loading even if the magnitude of the stress is 
below the fracture strength [34]. This phenomenon, called fatigue, can be experienced in every- 
day life and affects the life of devices [35, 36]. For example, repeated small angle bending of a 
paper clip may cause it to develop surface cracks and eventually break over certain number of 
cycles. Single crystal silicon material and micro mechanical structures in general exhibit good 
fatigue life because, as the size of device becomes smaller, the number of crack-initiating sites 
on a given structure decreases. Fatigue of single crystal silicon and other materials have been 
experimentally studied, often by artificially introducing mechanical defects with controlled di- 
mensions [37]. One study shows specimen lives ranged from 10° to 10! cycles in single crystal 
silicon [38]. The fatigue behavior of polysilicon structures has been studied as well [39]. Polysil- 
icon structures can achieve fatigue life up to 10"! cycles. The same study found that fatigue life 
of polysilicon structures decrease with increasing stress (uniform or concentrated). 
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Comprehensive lifetime testing of MEMS devices are rarely done and even more rarely 
published. Scattered data points do exist. For example, a gold cantilever acting as a MEMS RF 
switch was able to perform 7 billion cycles of switching [40]. 

Appendix A contains a table that summarizes representative mechanical and electrical 
properties of several important MEMS materials. 


General Stress—Strain Relations 


The formula given earlier in Section 2.3.2 treats stress and strain as scalars. In reality, stress and 
strain are tensors. Their relationship can be conveniently expressed in matrix form in which 
stress and strain are expressed as vectors. The general vector representation of stresses and 
strains will be discussed in this section. 

To visualize vector components of stress and strain, let us isolate a unit cube from inside a 
material and consider stress components acting on it. The cube is placed in a rectangular coor- 
dinate system with axes marked as x, y, and z. For reasons of convenience that will become ap- 
parent later, the axes x, y, and z are also labeled as axes 1, 2, and 3, respectively. 

A cube has six faces. Consequently, there are 12 possible shear force components — two 
for each face. These are not all independent. For example, each pair of shear stress components 
acting on parallel faces but along the same axis have equal magnitude and opposite directions 
for force balance (Newton’s first law). This reduces the number of independent shear stress 
components to six. These six shear stress components (7) are graphically illustrated in Figure 3.13. 
Each component is identified by two subscript letters. The first letter in the subscript indicates 
the normal direction of the facet on which the stress is applied to, while the second letter indi- 
cates the direction of the stress component. 

Based on torque balance, two shear stress components acting on two facets but pointing 
towards a common edge have the same magnitude. Specifically, Ty = Tyx, Tz = Tz, and 
Tzy = Tyz- In other words, equal shear stresses always exist on mutually perpendicular planes. 
The independent number of shear stress components is reduced to three. 

There are six possible normal stress components—one for each face of a cube. Under 
equilibrium conditions, the normal stress components acting on opposite facets must have 
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the same magnitude and point to opposite directions. Therefore, there are three independent 
normal stress components (Figure 3.13). Normal stress components are labeled o with two 
subscript letters. 

Overall, in a rectangular coordinate system under motion equilibrium, there are three in- 
dependent normal stresses and three shear ones. 

It is quite tedious to write down two subscripts for each component. The notations of the 
six independent components can be further simplified by using the scheme below: 


1. Normal stress components Oxx, and o,, are simply noted as T1, T2, and T3, respectively. 


yy» 


2. Shear stress components Ty-, Tyz, and 7, are simply noted as T4, Ts, and T6, respectively. 


yo 


Correspondingly, there are three independent strains (s; through s3) and three shear 
strains (s4 through s¢). The general matrix equation between stress and strain, is 


Tı Cu Cr Cy Cia Cis Cio || s1 
T Cu Cr C3 Cu Cos Cæ || s2 
T3 |_| Csr C32 C33 C34 C35 C36 || 83 (3.27) 
T4 Cy Cy Ca Ca Cas Cae || S4 
Ts C51 C52 Cs3 Cs4 Css Cse || s5 
T6 Cor Cez Ces Coa Ces Cesse 
In short-hand form, the expression is 
T = C5. (3.28) 


The coefficient matrix C is called the stiffness matrix. 
The strain matrix is a product of the compliance matrix, S, and the stress tensor, according 
to the following matrix expression, 


s1 Su S2 S3 Sta Sis Ste |} Ti 
s2 Soy S2 S233 Sa S25 S26 || T2 
s3 |_| S31 $32 S33 S34 S35 S36 |} T3 (3.29) 
s4 S41 S42 Saz Say Sas Sao || Ta 
55 Ssi S52 Ss3 Ss4 Sss Sse |} Ts 
56 Ser S62 So3 Soa Sos Soot Te 
The expression in short hand form is 
5 = ST. (3.30) 


The compliance matrix S is the inverse of the stiffness matrix. In short hand notation, 
SE (3.31) 


Note the stiffness matrix is denoted by the letter C, whereas the compliance matrix is de- 
noted by the letter S. This is not a mistake. These symbols are commonly used in mechanics. 

It is quite tedious to manipulate matrixes with 36 components. Fortunately, for many 
materials of interest to MEMS, the stiffness and the compliance matrix can be simplified. 
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For single crystal silicon with the coordinate axes along <100> directions, the stiffness 
matrix is 


1.66 0.64 0.64 0 0 0 
0.64 1.66 0.64 0 0 0 
0.64 064 166 0 0 OL 7D, 
Csi.<100> = 0 0 0 08 0 0 10 Pa (3.32) 
0 0 0 0 08 0 
0 0 0 0 0 08 


( P 
E Example 3.5 Use of Stiffness Matrix 


3.4 


The stiffness and the compliance matrix incorporate rich information about the Young’s modu- 
lus and the Poisson’s ratio in three-dimensional space. Find the Young’s modulus of silicon in 
[100] direction based on the stiffness matrix. 


Solution. To solve for the Young’s modulus in the [100] direction, which is the x-direction 
(axis 1), set all other stress components except that in axis 1 to zero, and solve for the strain ma- 
trix that would produce only stress in that axis. 

T, = 1.66 x 10's, + 0.64 x 10s, + 0.64 x 10!!s3. 

T = 0 = 0.64 x 10"5, + 1.66 x 10"! s2 + 0.64 x 10!53. 

T; = 0 = 0.64 x 10's, + 0.64 x 10's, + 1.66 x 10! s3. 
Solve these three equations simultaneously to find the relation between T; and s1. We have 

0.64 x 101! 


T 
Ejio] = — = 1.66 x 10"! — 2 T 710-64 x 10™! = 130 GPa. 
s1 1.66 x 101! + 0.64 x 10 


This agrees with experimental data found in [18]. 


FLEXURAL BEAM BENDING ANALYSIS UNDER 
SIMPLE LOADING CONDITIONS 


Flexural beams are commonly encountered in MEMS as spring support elements. Essential skills 
and common practices for a MEMS researcher include calculating the bending of a beam under 
simple loading conditions, analyzing induced internal stress, and determining the resonant fre- 
quency associated with the element. A reader will be exposed to the following topics in this section: 


Subsection 3.4.1 discusses types of mechanical beams and boundary conditions associated 
with supports; 

Subsection 3.4.2 reviews the distribution of longitudinal stress and strain in a beam under 
pure bending; 

Subsection 3.4.3 and section 3.4.4 explain procedures for calculating the deflection and 
spring constant of a beam, respectively. 
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3.4.1 Types of Beams 


A beam is a structure member subjected to lateral loads, that is, forces or moments having their 
vectors perpendicular to the longitudinal axis. In this textbook, we focus on planar structures— 
beams that lie in single planes. In addition, all loads act in that same plane and all deflections 
occur in that plane. 

Beams are usually described by the manner in which they are supported. Boundary condi- 
tions pertain to the deflections and slopes at the supports of a beam. Consider a two-dimensional 
beam with movement confined in one plane. Each point along the length of the beam can have a 
maximum of two linear degrees of freedom (DOF) and one rotational degree of freedom. Three 
possible boundary conditions are summarized below according to their restrictions on DOFs: 


1. The fixed boundary condition restricts both linear DOFs and the rotational DOF. No 
movement is allowed at the support. At the fixed support, a beam can neither translate 
nor rotate. Representative examples include the anchored end of a diving board or the 
ground end of a flagpole. 

2. The guided boundary conditions allow two linear DOFs but restrict the rotational DOF. 

3. The free boundary conditions provide for both linear DOFS and rotation. At a free end, 
a point on beam may translate and rotate. A representative example is the free end of a 
diving board. 


These three distinct types of boundary conditions are graphically represented in Table 3.2. 


TABLE 3.2 Possible boundary conditions. 


Boundary Number of Number of 
Conditions Linear DOF Angular DOF Example 
Fixed (clamped) 0 0 
Guided 2 0 
Free 2 1 
free B.C. 
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FIGURE 3.15 


Various cantilevers of 
different boundary 
conditions. 


Flexural beams can be classified according to the combination of two mechanical bound- 


ary conditions associated with it. For example, a beam fixed at one end and free at another is 
conveniently referred to as a fixed-free beam, commonly called a cantilever. In MEMS research, 
the following types of beams are the most frequently encountered: fixed-free (cantilevers), 
fixed-fixed (bridges), and fixed-guided. 


It is important to correctly identify the boundary conditions associated with a beam. The 


best way to learn and recognize boundary conditions is through examples. Figure 3.15 depicts 
several commonly encountered beam structures on a substrate. The boundary conditions for 
these beams are summarized below. 


(a) 


(b) 
(c) 


(d) 


(e) 


(f) 
(g) 


A fixed-free cantilever parallel to the plane of the substrate, with the free tip capable of 
moving in a direction normal to the substrate. Lateral, in-plane movement of the free end 
would encounter much significant resistance. 

A fixed-fixed beam (bridge) parallel to the substrate plane. 

There are actually two ways to classify this beam. It can be considered a fixed-fixed cantilever 
parallel to the substrate plane with a thick and stiff part in the middle. Alternatively, this beam 
can also be considered as two fixed-guided beams jointed in parallel to support a rigid part. 

A fixed-free cantilever with the free end capable of movement perpendicular to the sub- 
strate. Its behavior is similar to that of (a). 

A fixed-free cantilever with the free end capable of movement within the substrate 
plane. With its thickness greater than its width, the movement of the free end in a direc- 
tion perpendicular to the substrate plane would encounter much greater resistance. 

A fixed-fixed beam (bridge). 

A fixed-free cantilever carrying a stiff object at the end. The stiff object does not un- 
dergo flexural bending due to increased thickness. 
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(h) This beam is very similar to case (c) except for the fabrication method. 

(i) A fixed-free cantilever with folded length. It consists of several fixed-free beam seg- 
ments connected in series. The free end of the folded cantilever is capable of movement 
in a direction parallel to the substrate surface. Movement of the free end perpendicular 
to the substrate would encounter much greater resistance. 

(j) Two fixed-free cantilever connected in parallel. The combined spring is stiffer than any 
single arm. 

(k) Four fixed-guided beam connect to a rigid shuttle, which is allowed to move in the sub- 
strate plane but with restricted out-of-plane translational movement. 


The most commonly encountered beam structures in MEMS are double-clamped suspen- 
sion structures and single-clamped cantilevers. 


Longitudinal Strain Under Pure Bending 


The analysis of static deflection and stress in a beam under stress is a key element of MEMS 
design. The first-order analysis model for beams under loading is discussed here. When a beam is 
loaded by force or couples, stresses and strains are created throughout the interior of the beam. 
Loads may be applied at a concentrated location (concentrated load), or distributed over a length 
or region (distributed load). To determine the magnitude of these stresses and strains, we first must 
find the internal forces and internal couples that act on cross sections of the beam (see 2.3.1.). 

The loads (either concentrated or distributed) acting on a beam cause the beam to bend 
(or flex), deforming its axis into a curve. The longitudinal strains in a beam can be found by an- 
alyzing the curvature of the beam and the associated deformations. For this purpose, let us con- 
sider a portion of a beam (A-B) in pure bending (i.e., the moment is constant throughout the 
beam) (Figure 3.16). We assume that the beam initially has a straight longitudinal axis (the x axis 
in the figure). The cross-sectional of the beam is symmetric about the y axis. 


A m p B 


FIGURE 3.16 


Bending of a segment 
of a beam under pure 
bending. 
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It is assumed that cross sections of the beam, such as sections mn and pq, remain plane and 
normal to the longitudinal axis. Because of the bending deformations, cross sections mn and pq 
rotate with respect to each other about axes perpendicular to the xy plane. Longitudinal lines in 
the convex (lower) part of the beam are elongated, whereas those on the concave (upper) side are 
shortened. Thus, the lower part of the beam is in tension and the upper part is in compression. 
Somewhere between the top and bottom of the beam is a surface in which longitudinal lines do 
not change in length. This surface, indicated by the dashed line st, is called the neutral surface of 
the beam. The intersection between the neutral surface with any cross-sectional plane, e.g., line tu, 
is called the neutral axis of the cross section. If the cantilever is made of a homogeneous material 
with a uniform, symmetric cross section, the neutral plane lies in the middle of the cantilever. 

For a beam with symmetry and material homogeneity, the distribution of the stress and 
strain is observed to follow a number of guidelines: 


1. The magnitude of stress and strain at any interior point is linearly proportional to the dis- 
tance between this point and the neutral axis; 


2. On a given cross section, the maximum tensile stress and compressive stress occur at the 
top and bottom surfaces of the cantilever; 


3. The maximum tensile stress and the maximum compressive stress have the same magnitude; 


4. Under pure bending, the magnitude of the maximum stress is constant through the length 
of the beam. 


The magnitude of stresses at any location in the beam under pure bending mode can be 
calculated by following the procedure discussed here. At any section, the distributed stress con- 
tributes to distributed force, which subsequently gives rise a reaction moment (with respect to 
the neutral axis). The magnitude of the normal stress at a distance A to the neutral plane is de- 
noted o(h). The normal forces acting on any given area dA is denoted dF(h). The force con- 
tributes to a moment with respect to the neutral axis. The moment equals the force, dF(h) 
multiplied by the arm between the force and the neutral plane. The area integral of the moment 
equals the applied bending moment, according to 


M = f dF(h)h = / l (o(h)dA)h. (3.33) 
4 =- 


wh 


Under the assumption that the magnitude of stress is linearly related to A and is the high- 
est at the surface (denoted dmax), one can rewrite the above equation to yield 


5 3 
h 
M= J J Tmax 7 x dA h= aa J J dA = a I. (3.34) 
wits G) (5) Fae (3) 


The term J is called the moments of inertia associated with a particular cross section. The 
maximum longitudinal strain is expressed as a function of the total torque M according to 
Mt 


Emax — EI (3.35) 
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FIGURE 3.17 


Coordinate system for 
describing bending of 
cantilever beams. y 


Practical cases are often more complex. For a simple loading condition depicted in 
Figure 3.17, the moment along the beam is not constant. Shear stress components are also 
present. In this case, Equation 3.35 can be applied to each individual cross section. For more 
details, see Section 6.3.1. 


Deflection of Beams 


This section will cover methods for analyzing the deflection of beams under simple loading 
conditions. 
The general method for calculating the curvature of beam under small displacement is to 
solve a second order differential equation of a beam: 
2 


Bo =ne (3.36) 
— > = M(x), : 
dx? 


where M(x) represents the bending moment at the cross section at location x and y the displace- 
ment at location x. The x axis runs along the longitudinal direction of the cantilever (Figure 3.17). 

The relationship between y and x can be found by solving the second order differential 
equation. To solve this equation require three preparatory steps: 


1. Find the moment of inertia with respect to the neutral axis; 

2. Find the state of force and torque along the length of a beam; 

3. Identify boundary conditions. Two boundary conditions are necessary to deterministically 
find a solution. 


The most commonly encountered cross section of a cantilever is a rectangle. Suppose the 
width and thickness of a rectangle are denoted as w and t, the moments of inertia with respect 


Ê 
to the neutral axis is J = A (provided that the cantilever bend in the direction of the thickness). 


4 
If the cross section of a beam is a circle with radius R, the moment of inertia is J = a The 


torque at any arbitrary location x can be calculated using procedures discussed in Section 3.3.1. 


3.4.4 
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In fact, in many routine MEMS design cases, the interest is to find the maximum displace- 
ment associated with a microstructure rather than the deformation profile. The solutions for 
maximum angular and transverse displacement for common cases under simple point loading 
conditions are summarized in Appendix B. 


Finding the Spring Constants 


Coiled springs are most commonly found in daily lives and macroscale engineering systems. For 
microscale devices, it is difficult to fabricate and integrate coiled springs. Beams are the most 
frequently encountered spring element in MEMS. These micro beams serve as mechanical 
springs for sensing and actuation. The stiffness of these beams is a frequently encountered 
design concern. 

The stiffness is characterized by a term called the spring constant (or force constant). 
Here I will discuss the procedures for calculating the spring constant of various types of beams. 

It is necessary to first define the term spring constant. We define it here by using familiar 
coiled springs (Figure 3.18). A coiled spring will extend by an amount x under a pointed load- 
ing force F. The displacement and the applied force follow a familiar linear relationship em- 
bodied in the Hooke’s law. The mechanical spring constant is the ratio of the applied force and 
the resultant displacement, 


(3.37) 


For a cantilever spring, the general expression of a force constant is the force divided by 
the displacement at a point of interest, commonly the point where the force is applied. 

For a cantilever with point loading on the free end, the maximum deflection occurs at the 
free end. For a fixed-fixed bridge with a loading force in the center of the span, the center has 
the largest deflection. 

Let us first focus on analyzing the force constant of a fixed-free beam with a rectangu- 
lar cross section, one of the most common scenarios encountered in MEMS. The cantilever is 


AW 
Wi 
WW 


-7 — 
= F=0 <— parallel =. 
Aa a e connected T 
x t <L springs — 
K=K +K, = 
F == 
K = Fix T FIGURE 3.18 
The mechanical defor- 
serially mation of a coil spring 


connected under a point loading 
1/K = 1/K, + 1/K, springs force. 
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FIGURE 3.19 


Schematic diagram of a 
fixed-free cantilever 
beam spring. 


diagramed in Figure 3.19, with the length, width and thickness of the cantilever beam denoted 
l, w, and t, respectively. The Young’s modulus of the beam material along the longitudinal axis 
is E. 

In the case shown in Figure 3.19, the force is applied on the broad surface. The formula for 
calculating the displacement can be found from Appendix B. The free end of the beam will 
reach a certain bent angle, 0, with the relationship between 0 and F given by 


Fl’ 
a 3.38 
g 2EI ee) 
The resulted vertical displacement equals 
FP 
= 3.3 
* 3EI oe) 
The spring constant of the cantilever is therefore 
F 3EI_ Ewt? 
(3.40) 


x = AP 
Apparently, the force constant decreases with increasing length. It is proportional to 
the width and is strongly influenced by the change in thickness due to the presence of the 
term f°. 
The stiffness of a cantilever depends on the direction of the bending. If the force is ap- 
plied longitudinally, the spring constant would be very different. The beam is said to provide 
compliance in one direction and resistance to movement in another. 


Example 3.6 Moments of Inertia of Two Beams 


Two cantilever beams of the same length and material, one with a cross section of 100 um by 
5 um, and a second one with 50 um by 8 um. Which one is more resistant to flexural bending 
(i.e., stiffer?) 
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Solution. The moment of inertia of the first beam is 
wÊ 100 x 10™% x (5 x 10° 
12 12 


l= = 1.04 x 10 mî. 


For the second beam, we have 

we 50x 10° x (8 x 10°) 
12 12 

Since h > 4, the second beam is stiffer judging by Equation 3.40. 


= 2.13 x 10°27! m4 


h= 


Example 3.7 


Find the force constant associated with cases a and b depicted in Figure 3.20. 


Solution. Case (a) is a fixed-free cantilever beam with in-plane transverse loading. The perti- 
nent moment of inertia and spring constant are 


_ wt 
12 
F EI Ew°t 
k 
x P 4p 


substrate 
plane 


FIGURE 3.20 


Calculate spring 
vertical constant for cases 
side wall (a) through (g). 
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Case (b) is a fixed-free cantilever beam with loading force normal to the substrate. The perti- 
nent moment of inertia and spring constant are 


yave 
12 
x F 3EI Ewe 


x P Ap 


In many applications, two or more springs may be connected to form a spring system. Two 
springs can be connected in two ways—parallel or serial. If multiple springs are connected in 
parallel, the total spring constant is the summation of spring constants of all springs in the system 
(see Figure 3.18). If multiple coiled springs are connected in series, the inverse of the total spring 
constant is the summation of the inverse of spring constants of constitutive spring elements. 


( 2 
E Example 3.8 Cantilevers with Parallel Arms 
Find the force constant associated with the case g depicted in Figure 3.20. 
Solution. Case (g) consists of two fixed-free cantilever connected in parallel. The pertinent 
moment of inertia of each arm is 


wot? 
12 


The overall force constant is 


Ew>t 
A (£) 7 23 7 wz 
B 213 


( 2 
2# Example 3.9 Vertical Translational Plates 


Fixed-guided springs are often used to support rigid plates and facilitate their translation. 
Often, a plate is supported by two or more such beams (Figure 3.21a,b). In these cases, one end 
of the beam is fixed, with all degrees of freedom limited. Another end of the spring can move in 
the vertical direction but no angular displacement is allowed because it is connected to the stiff 
translational plate, which remains parallel to the substrate under allowable plate movement 
(Figure 3.21c). Find the expression of the force constant associated with the plate. 


Solution. Let us examine the basic formula for the spring constant of a single fixed-guided 
beam under a transverse force loading F. Once again, the length, width and thickness of the 
support beam are l, w and t, respectively. From Appendix B, the maximum displacement x oc- 
curs at the guided end and is related to F by 


FP 
XxX p 
12EI 


(3.41) 
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anchor fixed-guided anchor 


ie 


fixed—-guided 
beam 


thickness: t thickness: t 


(a) (b) 


FIGURE 3.21 


Commonly encountered plate support configurations. 


The expression for the force constant of each single fixed-guided beam is 


12EI 
Pp 
By comparing with Equation 3.39, it is obvious that for a beam with equal dimensions, the 
fixed-guided beam would be stiffer than a fixed-free cantilever. 

If a force is applied to a plate supported by n cantilevers with equal dimensions and force 
constants, each spring shared 1/nth of the total force load. The total force constant experienced 
by the spring is nk. 

The force constant associated with each fixed-guided beam is 
F 12EI_ Ew? 

x P P 


k = . (3.42) 


k= 


For the plate supported by two fixed-guided beams, the equivalent force constant is 


eE) 


For the plate supported by four fixed guided beams, the equivalent force constant is 


1-482) 
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TORSIONAL DEFLECTIONS 


Whereas beams, especially cantilevers, are frequently used in MEMS for producing linear dis- 
placements and small angular rotations, torsional beams are often used to create large angular 
displacement. A case in mind is the digital micro mirror device. The mirror plate is supported by 
torsional bars to facilitate rotation. 

We begin our discussion of torsion by considering a prismatic bar of circular cross section 
twisted by torques T acting at the ends. Since every cross section of the bar is identical, and 
since every cross section is subjected to the same internal torque T, the bar is said to be in pure 
torsion. It may be proved that cross sections of the bar do not change shape as they rotate about 
the longitudinal axis. In other words, all cross sections remain plane and circular and all radii re- 
main straight. Furthermore, if the angle of rotation between one end of the bar and the other is 
small, neither the length of the bar nor its radius will change. 

To aid in visualizing the deformation of the bar, imagine that the left-hand end of the bar 
is fixed in position. Then, under the action of a torque T, the right-hand end will rotate through 
a small angle ¢, known as the angle of twist. 

Because of this rotation, a straight longitudinal line on the surface of the bar will become 
a helical curve. The angle of twist changes along the axis of the bar, and at intermediate cross 
sections it will have a value (x) that is between zero at the left-hand end and ¢ at the right- 
hand end. The angle p(x) will vary linearly between the ends. Point a on the right-hand side will 
move by a distance d to a new location, a’. 

The torsion induces shear stress throughout the bar. Stress distribution shows radial sym- 
metry. The magnitude of the shear stress is zero in the center of the cross section and reaches 
maximum at the outer surface of the bar. The maximum stress in the bar is denoted Tmax. The 
expression of the maximum shear strain is 


d 
=, 3.43 
Y max L ( ) 


Further, the magnitude of the stress is linearly proportional to the radial distance to the 
center. The distribution of shear stress along the radial direction is superimposed on the cross- 
sectional view of the bar in Figure 3.22. 


FIGURE 3.22 


Torsional bending of a cylinder with circular cross section. 
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The relationship between a torque and the maximum shear stress is found by torque 
balance at any given section, 


T= MESE = fas f 24A, (3.44) 
ro ro 


The surface integral f dA is called the torsional moment of inertia, denoted J. For a 
circular beam, dA = 27rdr, therefore, 


4 

T Tro T 

T = "= | 2rPdr = 2 PE, (3.45) 
ro 2 ro 

The magnitude of the maximum shear stress is 


Tro 


=—, 3.46 
Tmax J ( ) 
The torsional moment of inertia of a circle with a radius of rọ is 
4 
j= = (3.47) 


The total angular displacement subtended by the torsional bar segment AB is calculated 
according to the following: 


d L0 L Tmax _ LTro 


p = 
ro ro ro G roGJ 


= TL/JG. (3.48) 


For micromachined devices, torsional bars with rectangular cross sections are often en- 
countered. The moment of inertial for such a torsional bar (with width and thickness being 
2w and 2t) is 


16 t a 
J= wel 3.36 (1 ;) |forw =t. (3.49) 
3 w 12w 


The moment of inertia of a beam with a square cross section with the length of each side 
being 2a is 


J = 2.254. (3.50) 


( s 
2# Example 3.10 Deformation of Torsional Bars 


A suspended beam shown in the diagram below is under a force F (F = 10 uN). Find the verti- 
cal displacement at the end of the beam, assuming the flexural bending of the cantilever beam 
is negligible. The dimensions of the beam are L = 40 um, l = 200 um, w = 5 wm,t = 2 um. 
The Young’s Modulus of the beam material is E = 150 GPa. The Poisson’s ratio of the beam 
material is 0.3. 
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< > 
L 
FIGURE 3.23 
NNNSN F 
A torsional supported 
cantilever. 


Solution. First find the shear modulus of elasticity and the torsional moment of inertia of the 
beam. The process is rather straightforward. 


G = E/2(1 + 0.3) = 57.7 GPa 
J =6.2 X 10 ”mf 
Plug in the expression for torque, T = FL, into the expression for the bending angle, we get 
joe 
2G 2G 
Plug in the numbers and we have 
® = 1.13 rad = 65° 


The vertical displacement at the free end of the cantilever is equal to the product of the angu- 
lar displacement and the length of the cantilever. Namely, 

Tih. EL?T 

2JG 2G 


torsional T oL g 


INTRINSIC STRESS 


Many thin film materials experience internal stress even when they are under room tempera- 
ture and zero external loading conditions. This phenomenon is called the intrinsic stress. Thin 
film materials associated with MEMS, such as polysilicon, silicon nitride, and many metal thin 
films, exhibit intrinsic stresses [41]. The magnitude of the intrinsic stress may be identical or 
nonuniform throughout the thickness of the thin film. If the stress distribution is nonuniform, a 
stress gradient is said to be present. 
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FIGURE 3.24 


Microscale devices 
bent under intrinsic 
stress. 


The intrinsic stress is important for MEMS devices because it can cause deformation— 
damages in excessive cases, affect surface planarity, or change the stiffness of a mechanical ele- 
ment. For example, in micro optics applications, flat mirror surfaces are required for achieving 
desired optical performances. Intrinsic stress may warp the mirror surface and change optical 
properties. Bent cantilever structures due to the presence of intrinsic stress are shown in Figure 3.24. 

Intrinsic stress may affect the mechanical behavior of membranes as well. For a thin film 
diaphragm such as the one illustrated in Figure 3.25, the flatness of the membrane is guaranteed 


film under tensile stress 


substrate flat 


film under compressive stress 


wrinkled 


FIGURE 3.25 


Cross section of a taunt 
membrane under 
tensile stress and a 
warped membrane 
under compressive 
stress. An optical 
micrograph of a warped 
membrane is shown. 
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when the membrane material is under tensile stress. Excessive tensile stresses in a clamped 
membrane can cause the membrane to fracture. On the other hand, a film would buckle if a 
compressive stress were present. 

The origin and behavior of intrinsic stress have been widely studied [42, 43]. In many cases 
related to MEMS structures, the intrinsic stress results from the temperature difference during de- 
position and use. Thin film materials are often deposited on a substrate under an elevated temper- 
ature. During the deposition, molecules are incorporated into a thin film with certain equilibrium 
spacing. However, when the MEMS device is removed from the deposition chamber, the tempera- 
ture change causes the material to contract, at a rate faster or slower than the substrate. As a rule 
of thumb, the intrinsic stress in a thin film is tensile when a film wants to become “smaller” than the 
substrate. Compressive stress results when a film wants to become “larger” than the substrate. 

Intrinsic stress can also result from microstructure of the deposited film. The incorpora- 
tion of oxygen atoms into silicon lattice during a thermal oxidation process, for example, cre- 
ates compressive intrinsic stress in the oxide film. 

Apart from the above-mentioned common source of intrinsic stress, other mechanisms 
are possible, including phase change of materials and incorporation of impurity atoms (such as 
dopant atoms). 

In certain cases, the bending is desired and intentional. There are a number of application 
scenarios in which the intrinsic stress can be used to induce out of plane deformation to realize 
unique device architecture. 

A common scenario of intrinsic stress induced beam bending involves a microstructure with 
two or more structural layers (Figure 3.26). Consider a cantilever consisting of two layers, with the 
intrinsic stress in Layer 1 being zero. If the Layer 2 is under a tensile stress, the beam would bend 
towards the direction of Layer 2 (Figure 3.26b). On the other hand, if Layer 2 is under a com- 
pressive intrinsic stress, the beam would bend towards the direction of Layer 1 (Figure 3.26c). 


deposited material 


(a) 


substrate material 


tensile stress 


zero stress 


compressive stress 


(c) => 
x 


zero stress 


FIGURE 3.26 


Beam bending due to intrinsic mechanical stress. 
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I will discuss the formulation used to calculate the bending of a two-layer cantilever beam 
under difference of intrinsic stress. For simplicity, we assume that the two layers have the same 
length (/) and width (w). Their thickness, intrinsic hydrostatic stress, and Young’s modulus are 
denoted as ¢;, 0;, and E; (i = 1 or 2). The subscript letters correspond to layers 1 or 2, with Layer 2 
on the bottom. 

First, the position of the neutral axis is found by 


1 
5 (Ei + Ents) + Erib 


y= : 3.51 
y Eiti F Eh ( ) 


The distance is measured from the bottom of the bottom layer. An effective flexural stiff- 
ness is calculated by using 


t? t 2 B t 2 
IsEo = weni 4. (3 = y) ) y: Exn( an (2 +4 7) J) (3.52) 
SEN 12 2 12 2 


The bending moment acting on the cantilever is 


aol (2) (aa -m - piae tama my 


3.53 
(6 leat a] ee 
A 2 TAR AA Eit, + Erb i 
The radius of curvature of the beam bending, R, is given by 
Legk 
Rae (3.54) 
M 


One would imagine that if a fixed-free cantilever is made of a single homogeneous mate- 
rial, there would be no intrinsic stress nor intrinsic-stress induced bending. This assumption is 
only true if the intrinsic stress is uniformly distributed throughout the thickness. A gradient of 
intrinsic stress may cause a cantilever made of a single material to bend, as if the cantilever is 
made of a large number of thin layers stacked together. 

There are three strategies for minimizing undesirable intrinsic bending: (1) use materials 
that inherently have zero or very low intrinsic stress; (2) for materials whose intrinsic stress de- 
pends on material processing parameters, fine tune the stress by calibrating and controlling de- 
position conditions; (3) use multiple layered structures to compensate stress-induced bending. 

One of the materials in MEMS that has zero stress is single crystal bulk silicon. The SCS 
is a homogenous material with perfect lattice spacing distribution. Polymer materials are 
known to have relatively smaller intrinsic stresses than inorganic thin films. Secondly, the de- 
position temperature of polymer materials is typically low. Parylene, a polymer material that 
can be deposited by chemical vapor deposition method under room temperature, has virtually 
zero Stress in it [44]. 

In many surface micromachining materials such as polysilicon and silicon nitride, the in- 
trinsic stress is unavoidable (Chapter 10). Although techniques exist to produce stress-free ma- 
terials, the process is usually delicate, machine specific, and subjected to complex process 
control. The best practice is to minimize the intrinsic-stress induced bending to an acceptable 
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tensile 
compressive 
compressive 
FIGURE 3.27 tensile 
Method of stress compressive 


compensation. 


level. Generally, intrinsic stress in silicon nitride or polycrystalline silicon can be minimized by 
controlling the pressure, gas mixture, and growth rate (e.g., [45]). 

Often the intrinsic stress of layers cannot be fully cancelled by material processing. It is 
still possible to produce microstructures free of intrinsic-stress induced bending, by adding 
stress compensation layers with carefully selected material, stress, and thickness. For example, 
in the two-layer beam shown in Figure 3.27, the tensile-stressed upper layer and the compress- 
stressed lower layer contribute to a finite amount of beam bending. The overall deformation 
can be reduced to zero in theory by adding another layer of compress-stressed material on top. 

The intrinsic stress of a material depends strongly on material deposition conditions. The 
exact magnitude of intrinsic stress in a given process flow can be experimentally measured by 
using specially designed testing structures and test protocols [46, 47]. A common technique for 
measuring the stress is to use a circular plate (such as a wafer) bearing the thin film of interest 
on one side (Figure 3.28) [48]. The stress in the thin film can be derived from the curvature 
(bowing) of the plate. A classic formula (called the Stoney’s formula) has been derived under 
the conditions that the substrate is thin, elastically isotropic, and flat when bare [48]. For a sin- 
gle film case, the curvature of the substrate, C, is expressed as 


1 6(1 —v)ch 
R Ef ’ 


where R is the radius of curvature, v the Poisson’s ratio of the substrate, o the in—plane 
stress of the thin film, t the substrate thickness, and h the thickness of the thin film. The thin 


G 


(3.55) 
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Experimental methods for measuring intrinsic stress. 


FIGURE 3.28 
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film material should be present on only one side. If the deposition process dictates double 
side coating, then the material on one side should be carefully removed. 

The method discussed above only measured the overall averaged stress level over the en- 
tire wafer area. In most cases, the distribution of stress over the wafer is not uniform. The stress 
within local regions of the wafers is needed for precise control of process. Surface and bulk mi- 
cromachined test structures called process monitors are often used. One of the monitoring de- 
vices is illustrated in Figure 3.28. It consists of a suspended thin film dial that is attached to the 
substrate through two offset pulling beams. The two horizontal pulling beams, when under in- 
trinsic stress, develop a torque that causes the dial to rotate for a certain amount. 


DYNAMIC SYSTEM, RESONANT FREQUENCY, AND QUALITY FACTOR 


A MEMS system, including sensors and actuators, invariably consists of mass and supporting struc- 
tures. The supporting mechanical elements (membranes, cantilever, or suspensions) provide elastic 
restoring spring constants. Movement of the mass is impeded by collision with air molecules sur- 
rounding the mass. This constitutes damping, which is a velocity-dependant resistance force. 

As such, a MEMS system can always be simplified into a classic mass-spring-damper sys- 
tem. It is almost always subject to time varying input, dynamic input (pulses or shocks) and sinu- 
soidal (resonant) input signals. The understanding of MEMS system dynamics is crucial for 
predicting performance characteristics of sensors and actuators. Dynamic analysis is discussed in 
many books. In this section, only the most essential elements of dynamic system behavior are 
discussed. 


Dynamic System and Governing Equation 
The governing equation of a mass-spring-damper system shown in Figure 3.29 is 


mx + cx + kx = f(t) (3.56) 


where the term c is the damping coefficient, k is the force constant (spring constant), and f(f) is 
the forcing function. Dividing both sides with the mass m, we arrive at a canonic expression 


X + 2é@,x + o2 = a(t), (3.57) 
where the term 
k 
spring damper 


\ / I 
/ 


K je 


P 
T 
FIGURE 3.29 
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system. 
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is the natural resonant frequency and the term 


é (3.59) 


c 
= —— =c/c 
2VKm f 
is the damping ratio. 
The term 


c, = 2V Km (3.60) 


is called the critical damping coefficient. 
The solution method for the governing differential equation would be different for dif- 
ferent input: 


e If f(t) = 0, the solution is called the free system solution. 


e If f(t) is an arbitraty forcing function, the solution may contain both transient and steady 
state terms. 


e If f(t) = A sin wt, the system is said to be under sinusoidal or resonant forcing. 
In this section, we only focus on reviewing the response of the system under sinusoidal 


input. Readers who wish to become familiar with dynamic system responses can refer to text- 
books on this subjects and Appendix 3. 


Response Under Sinusoidal Resonant Input 


For sinusoidal forcing, the system will be forced to oscillate with the forcing frequency. The 
steady-state response is the focus of analysis. Under a sinusoidal input, 


f(t = Fsin (ot) = masin (at), (3.61) 
the steady-state system output will be a sinusoidal signal with the same frequency as the driving 
frequency, namely 

x = Asin (ot + p). (3.62) 
Therefore, transient response and any initial conditions don’t matter anymore. The output 


can be analyzed using the transfer function method. In this case, the transfer function between 
x and fis 
X 1 


T=— = ; 3.63 
F mê+Cs+k ( ) 


Dividing the numerator and the denominator with m, we have 


X 1/m 1/m 
(a / = / z: (3.64) 
F ooo *® sl + 2éw,s + wy 
m m 


If one replaces s with jw, the spectral response of T is 
1/m 
wn -a + J2Ewoy, 


1/m 
Vlo? — o) + 4E0202 


|T(w)| = (3.65) 
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The magnitude A is therefore 
F/m 
Vlo — o) + 42 uw 
The term F/m is the would-be amplitude under DC forcing conditions. The magnitude A 
is a function of both the frequency w and damping ratio ¢. 


A second order system responds differently to stimulus depending on if the system damp- 
ing is large or small: 


A=(TIF= (3.66) 


for large damping c, the system is said to be over damped; 
the system is said to be critically damped if c = 2V km or é = 1; 


when the damping is between critical damping and zero, the system is said to be under 
damped. 


If we fix é and change w, we can plot a typical frequency spectrum of the response. The 
displacement of an underdamped mechanical structure under a periodic loading condition is 
shown in Figure 3.30. At low frequencies, the displacement remains constant. This represents 
the low-frequency behavior that applies to the steady loading case. At or near the resonant fre- 
quency (f,, with f. = @,/277), the mechanical vibration amplitude sharply increases. The sharp- 
ness of the resonant peak is characterized by a term called the quality factor (Q). The sharper 
the resonance peak, the higher the quality factor. 

The amplitude magnification at the resonant frequency can be beneficial. By operating a 
micro sensor or actuator at the resonant frequency may increase the sensitivity or range of ac- 
tuation. However, resonance may also lead to self-destruction of mechanical elements. 

At frequencies beyond the resonant frequency, the vibration amplitude decreases 
(called roll off). A simple physical explanation is that the mechanical structures, with its 
built-in inertia, cannot follow the driving input anymore at frequencies significantly above 
the f,. 


vibration 
amplitude 


100% 


FWHM 


71% 


FIGURE 3.30 
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relationship of the 
amplitude of vibration 
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Damping and Quality Factor 


MEMS moving masses encounter damping invariably. Damping may be derived from both 
viscously fluid interaction [49] (such as squeeze film damping [49-53] and collision with gas 
particles [54]) and structural damping (internal friction) [55]. The damping factors are there- 
fore subjected to temperature, pressure, types of gas molecule, and other environmental fac- 
tors [56-58]. 

The quality factor, representing the sharpness of resonance peaks, can be defined in sev- 
eral ways. Mathematically, the quality factor is related to the full width at half maximum 
(FWHM), which is the spacing of two frequencies at half power (or 77% amplitude). The ratio 
of the resonant frequency and the FWHM gives the quality factor. 


fr 
= — 3.67 
ae (3.67) 
From the energy point of view, Q is the ratio of the total stored energy in a system over 
the energy lost over each cycle of oscillation. The lower the energy loss per cycle, the greater the 
quality factor. 
Mathematically, the quality factor is related to the damping factor, by 


1 

Q 2E (3.68) 
Hence the quality factor is inversely proportional to the damping. A small value of damp- 
ing coefficient c translates into lower energy loss, smaller damping ratio, and hence higher Q. 
As such, the quality factor of a micro device can be improved by reducing the operating 
pressure [12,59], by altering the operating temperature [12], by improving surface roughness [60], 
by thermal annealing (up to 600% improvement demonstrated in [61]), or by modifying the 
boundary conditions [62, 63]. Q value for micromechanical devices ranging from several hundred 

[64] to up to 10,000 [63-65] have been demonstrated in micro- or nano mechanical resonators. 


Resonant Frequency and Bandwidth 


The resonant frequency determines the ultimately achievable bandwidth of a device. Hence 
for many devices, a greater resonant frequency is desired. Formula for calculating the reso- 
nant frequency of cantilevers under various boundary and loading conditions can be found in 
Appendix B. 

The resonant frequency of mechanical elements generally increases when scaled down, as 
the value of m decreases rapidly. By down-scaling resonator device dimensions, resonant fre- 
quency ranging form several MHz [65], tens of MHz [63], and even to the GHz range [60] has 
been demonstrated successfully. 

Because the resonance frequency is a function of device dimensions, it is susceptible to 
changes in temperature. Temperature stabilization is critical for resonators requiring stable fre- 
quency. For commercial devices, temperature stability must be achieved by temperature com- 
pensation [66]. 

Additionally, the resonant frequency of micro resonators can be precisely tuned by trim- 
ming materials (using laser or focused ion beam etching), or by locally depositing materials [67]. 
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( 2 
E Example 3.11 Resonant Frequency 


3.8 


A mechanical resonator (fixed-fixed, or double clamped) has been demonstrated using SiC thin 
film material. The length (L), width (W), and thickness (T) of the resonator are 1.1 um, 120 nm, 
and 75 nm, respectively. Knowing the resonant frequency found experimentally was 1.014 GHz, 
and assuming a Young’s modulus of 700 GPa, find the density of the SiC material used for the 
resonator. 


Solution. The formula for the resonant frequency according to the table in Appendix B is 


_ 22.4 |Elg 
"Qa Vwl* 
The distributed force w is given by 
_ PWLT)g _ 
Ww = — 


T. 
L pgW 


Plug into the formula for resonant frequency 


22.4 22.4 3 22.4 2 T 
pac e ee |_EWTg %4 | ET _ g6 x 195+, 
2m N pgpWTL4* 2m \12pgWTLt 27 V 1214 V pl? 
we find the value of p is 


(=$ x10 T 
j h P 


2 
) = 52.667 = 2773 kg/m’. 


ACTIVE TUNING OF SPRING CONSTANT AND RESONANT FREQUENCY 


Mechanical characteristics such as spring constants and resonant frequencies of beams and 
membranes can be changed by introducing strain. In this section, we focus on discussing meth- 
ods for tuning characteristics of cantilever beams to exemplify the methodology. 

For cantilevers, longitudinal strain can be introduced by axial or transverse loading forces. 
We will discuss these two cases separately below. 

First, an axial tension can alter the spring constant and resonant frequency. This is analogous 
to a violinist tuning the sound of a string by adjusting its tension. The longitudinal tuning force can 
be introduced by lateral electrostatic force, or thermal expansion. (In the same token, the shift of 
resonance frequency can be used to characterize intrinsic stress of fixed-fixed beams [68].) The 
resonant frequency of a cantilever under a longitudinal strain ex is 


w= Wo 1 + 4 Es? (3.69) 
where wọ, h and L are the untuned resonant frequency, and the thickness and length of the beam. 


The force constant and resonance frequency of a cantilever can be tuned by transverse 
forces. To illustrate this case, think about a child standing at the end of a diving board and bouncing 
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lightly. Let us assume that the board dips below the horizontal level. The child feels the board has 
a certain mechanical stiffness. 

Now, imaging an adult pulling down at the same end of the diving board. The child will 
feel that the diving board becomes softer (more displacement under a given weight) when 
there is an active pulling force. In other words, the diving board appears to be softer to the 
child. Beam softening results whenever the bias force point in the opposite direction of the can- 
tilever restoring force. The apparent force constant changes from k to kett. The transverse load- 
ing force may be applied electrostatically [69, 70], thermally [71], or magnetically. 


A LIST OF SUGGESTED COURSES AND BOOKS 


The MEMS field is defined by its cross-disciplinary and multiphysics flavor. A person in the 
MEMS field is expected to have knowledge in materials, processing technology, semiconductor 
devices, circuit analysis and design, mechanics, and machine design. To successfully generate a 
MEMS design often calls for strong fundamental knowledge such as electrostatics, electromag- 
netics, solid-state physics, system dynamics, heat transfer, thermal dynamics, fluid dynamics, and 
chemistry. A MEMS engineer is often faced with the challenge of using and understanding 
many new tools, such as process equipment, computer simulation, data acquisition, etc. Further, 
any brave innovator in the MEMS area must become familiar with deep domain knowledge in 
the field (such as biology, medicine, communication, etc) very quickly, and must be prepared to 
learn about competing technologies. Since the technology and application areas are often fast 
moving, deep and broad knowledge of current research literature is also needed. As such, the 
field is intellectually demanding and exciting. 

The investigation of coupled electrical and mechanical behavior in a system is not unique 
to the MEMS field or the microscale. At the macroscopic scale, two subject areas— mechatron- 
ics and electromechanics have been studied for decades. They provide relevant background for 
MEMS research as well. 

The cross-disciplinary material required for success in MEMS is often beyond what is 
being taught in undergraduate curriculum in a single undergraduate department. For readers 
who wish to build a more comprehensive foundation of knowledge for pursuing future studies, 
research, and development in the field of MEMS, I am providing a list of classic fundamental 
books or thesis closely related to the field of MEMS. 


Mechanical Engineering 
1. Mechanics of materials [9]. 
. Theory of elasticity [72]. 
. Vibration analysis [73]. 
. Thermal transfer [74]. 
. Fluid mechanics [75]. 
6. Dynamic systems and analysis [76]. 


na Aa UUN 


Electrical Engineering 


1. Fundamentals of electrical and electronics circuits [77]. 
2. Field and waves [78]. 
3. General electronics circuit design. 
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4. Physics of semiconductor and solid-state devices [2]. 
5. Integrated circuit design [79]. 
6. Electromechanics [80]. 


7. Sensors: jargons, principles, and signal-conditioning electronics [81]. 
Microfabrication and Manufacturing 

1. Integrated circuit fabrication [82, 83]. 

2. In depth discussion of MEMS fabrication [84, 85]. 


3. MEMS systems design and formulation [86]. 
4. State of the art of automated electronics product manufacturing [87-89]. 


Material Science 
1. Broad and comprehensive discussion of different classes of engineering materials, prop- 


erties, and processing techniques [90]. 
2. Material properties of polycrystalline silicon [20]. 


Business and Innovation 


1. The rules of innovation [91]. 
2. Case studies of MEMS business development [92]. 


SUMMARY 


This chapter provides a general overview of major electrical and mechanical aspects that are 
used most frequently in the development of MEMS devices. The goal of this chapter is bring 
readers from different backgrounds to reach a common level rapidly, at least to be aware of 
major issues and major analytical procedures. A reader is encouraged to read in-depth text- 
books on each individual topic to obtain a more complete understanding. 
The following is a list of major concepts, facts, and skills associated with this chapter. A 
reader can use this list to test related understanding. 
Qualitative understanding and concepts: 
e The origin of two types of charge carriers in a semiconductor. 
e The difference and relation between resistivity and sheet resistivity. 
e The naming conventions of crystal planes and directions. 
e The concepts of normal stress and strain 
e The concepts of shear stress and strain. 
e The relationship between normal stress and strain and the various regimes of interest. 
e The origin of intrinsic stress. 


e Methods for reducing bending induced by intrinsic stress. 
Quantitative understanding and skills: 


e Procedures for calculating the concentrations of electrons and holes in an extrinsic material 
when the doping concentrations are known. 
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e Procedures for finding the conductivity and resistivity of a semiconductor piece. 

e Ability to identify boundary conditions associated with a beam or membrane. 

e Procedures for calculating the end deflection of a cantilever under a given force. 

e Procedures for calculating the force constant associated with a mechanical beam. 

e Procedures for calculating the torsional bending of a torsion bar. 

e Formula for calculating the resonant frequency of beams under certain boundary conditions. 


PROBLEMS 


SECTION 3.1 


Problem 1: Review 

Calculate the volumetric concentration of atoms (atoms/cm?) and specific mass (density) of single crystal 
silicon given the lattice constant of silicon (5.43 A). 

Problem 2: Design 


A piece of gold resistor is used as a heater. The thickness of the resistor is 0.1 wm. The width of the resis- 
tor is 1 um. What is the necessary length if 50 Ohm total resistance is to be achieved? (Hint: find the re- 
sistivity of gold from literature or handbooks, and reference the source of information). 


Problem 3: Design 


A phosphorous-doped silicon resistor is 100 um long, 2 um wide, and 0.5 wm thick. The doping concentra- 
tion is 10!” atoms/cm*. The electron mobility (un), which is a function of the doping concentration, is ap- 
proximately 1350 cm’/(Vs). The hole mobility is approximately 480 cm?/(Vs). What are the concentrations 
of electrons and holes under thermal equilibrium at room temperature? Find the resistivity of the mater- 
ial and the total resistance. 


Problem 4: Design 


Repeat Problem 3 assuming the resistor is doped with boron. In this case, holes will be the majority carrier. 


Problem 5: Design 


Repeat Problem 3 assuming the doping concentration of phosphorous is 10! atoms/cm°. 


Problem 6: Design 


A silicon wafer is doped by boron ion implantation followed by thermal activation. Ion implantation is 
conducted at a dose of 10'4 atoms/cm”. The depth of the doped region (junction depth) is determined by 
the original depth of high-energy ion penetration and thermal diffusion during the activation step. As- 
sume the junction depth is 1 wm and the concentration is uniform through the depth of the doped layer. 
What is the doping concentration? 


Problem 7: Design 


A boron doped silicon resistor has a sheet resistivity of 509/0. The length and width of the resistor is 
10 um and 0.5 um, respectively. Find the total resistance of the resistor. If the thickness of the resistor is 
known to be 0.3 um, what is the resistivity and the boron doping concentration? What are the concentra- 
tions of the majority carrier under thermal equilibrium at room temperature? 
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SECTION 3.2 


Problem 8: Design 
Discuss detailed steps to name the following shaded planes ({110}, {111}, and {210})? 


zZ z Z 


(0, 0, a) 


(0, a, 0) (0, a, 0) 


(0, a, 0) 
y 


(a,0,0) (a,0,0) (12a, 0, 0) 


x x x 


Problem 9: Design 

Consider two parallel planes that are both parallel to the plane formed by the x & z axes. Prove that their 
Miller Indexes are both (010). 

Problem 10: Design 


Prove that the (111) surface intercepts the (100) surface at an inclination angle of approximately 54.75°. 


SECTION 3.3 
Problem 11: Design 


The thermal expansion coefficient of single crystal silicon is approximately 2.6 X 10-°/°C. A 10°C tempera- 
ture rise from the room temperature causes the length and cross section of the beam to change. Calculate the 
longitudinal strain associated with the lateral elongation, and the equivalent longitudinal stress (taking into 
consideration of the changed cross section). What is the percentage change of resistance due to this tempera- 
ture rise (assuming the resistivity stays the same)? Assume the Young’s modulus is 120 GPa. (Note: In fact, the 
resistivity of the silicon will change more considerably because of the change of crystal lattice spacing.) 


Problem 12: Review 


Write the compliance matrix for single crystal silicon. 


Problem 13: Design 


An axial force with magnitude of U is applied at the end of a bar attached to a wall. Find the reactive force 
and torque (if any) at the anchored end of the bar and at section A. 


cae 


e k 


Li2 


` 
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Problem 14: Design 


Two independent axial forces with magnitude of U and F are applied at the end of a bar attached to a 
wall. Find the reactive force and torque (if any) at the anchored end of the bar and at section A. 
Assume the overall reaction under a combined force is the linear sum of reactions under two forces 
acting individually. 


Problem 15: Design 


An axial torque with magnitude of M is applied at the end of a bar attached to a wall. Find the reactive 
force and torque (if any) at the anchored end of the bar and at section A. 


Problem 16: Design 


A slender silicon beam is under a longitudinal tensile stress. The force is 1 mN, and the cross-sectional area 
is 20 um by 1 um. The Young’s modulus in the longitudinal direction is 120 GPa. Find the relative elonga- 
tion of the beam (percentage). What is the force necessary to fracture the beam if the fracture strain of sil- 
icon is 0.3%? 


Problem 17: Design 


A silicon cube with a volume of 1 cm? is placed on a surface. A force of 1 mN is applied vertically on 
the face. Find (1) the type of stress and (2) the magnitude of stress induced in the direction of the ap- 
plied force. 


Problem 18: Design 


Assume the width and thickness of a silicon bar is 5 um and 1 um, respectively. Find the maximum stress 
that can be applied to the longitudinal direction of the bar if the maximum fracture strain is 0.2% and the 
Young’s modulus is 140 GPa. 


Problems 121 


SECTION 3.4 
Problem 19: Design 


Find the moment of inertia of the cantilever beams shown below. The material is made of single crystal sil- 
icon. The Young’s modulus in the longitudinal direction of the cantilever is 140 GPa. 


W=20yum N 


X >x 
cross section cross section 
of a cantilever of a cantilever 


W=20eM 


Problem 20: Design 


Find the force constant of the beam in Problem 19 if a force is applied in the longitudinal direction of the 
cantilever. The beam is 800 um long in this case. 


Problem 21: Design 


A single crystal silicon bar is 100 um long, 5 um wide, and 1 um thick at room temperature. The bar is doped 
to a uniform P concentration of 10!° atoms/cm?. Find (a) the moment of inertia and (2) the electrical resis- 
tance of the silicon bar. 


Problem 22: Design 

What is the scaling law for the moment of inertia of a flexural beam? What is the implication for MEMS 
sensors? What is the implication for MEMS actuators? 

Problem 23: Design 


Find the analytical expression of the force constant associated with case (d), (e) and (f) of Example 3.7. 


Problem 24: Design 


Prove that the force constant of a fixed-fixed beam with a central point force loading can be estimated as 
two fixed-guided beams connected in parallel, each being half as long as the fixed-fixed beam with the 
same cross-sectional area. 
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SECTION 3.5 
Problem 25: Design 


A torsional bar is anchored on two ends, with a lever attached in the middle of the bar. A force, F = 0.01 uN, 
is applied to the end of the lever. Determine the degree of angular bending due to the rotation of the tor- 
sional bars. Do not consider the bending of the flexural lever segment. The values of L, w, and t are 1000, 10, 
and 10 um, respectively. The beam is made of polycrystalline silicon. (Hint: find Young’s modulus and Pois- 
son’s ratio from the literature and handbook, and cite the source of information (other than this textbook)) 


anchor 


torsion 
bar 


torsion 


SECTION 3.7 
Problem 26: Design 


To build a 20-um wide fixed-free cantilever beam with a force constant of 10 N/m and a resonant fre- 
quency of 10 kHz out of single crystal silicon, find the desired length and thickness of the cantilever beam. 
The Young’s modulus of silicon is 120 GPa. The density of the silicon material is 2330 Kg/m’. Selected the 
correct answer from choice below and explain the reasoning behind your choice. 

(3) Length = 6.4mm and thickness = 351 um. 

(4) Length = 2.9mm and thickness = 75.7 um. 

(3) Length = 143 mm and thickness = 3.65 mm. 

(4) None of the above. 
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CHAPTER 4 


Electrostatic Sensing 
and Actuation 


PREVIEW 


Starting from this chapter, I will review several transduction principles commonly used in 
MEMS sensors and actuators. This chapter focuses on electrostatic sensing and actuation prin- 
ciples and methods. In Section 4.1, I will summarize the relative advantages and drawbacks of 
electrostatic transduction. Two types of electrostatic transducer configurations, parallel-plate 
and interdigitated comb drives, are reviewed in Sections 4.2 and 4.3, respectively. For each 
type of transducer configuration, I will discuss specific application cases, including both sen- 
sors and actuators. 

Due to its versatility, electrostatic sensing and actuation is a candidate for almost all cate- 
gory of sensor and actuator products. Other sensing and actuation principles including thermal, 
piezoresistive, and piezoelectric energy transduction will be discussed in Chapters 5 through 7. 
Chapter 8 introduces magnetic actuator design and fabrication. A review about the relative 
merits of these methods can be found in Chapter 9. 


INTRODUCTION TO ELECTROSTATIC SENSORS AND ACTUATORS 


A capacitor is broadly defined as two conductors that can hold opposite charges. It can be used 
as either a sensor or an actuator. If the distance and relative position between two conductors 
change as a result of applied stimulus, the capacitance value would be changed. This forms the 
basis of capacitive (or electrostatic) sensing. On the other hand, if a voltage (or electric field) 
were applied across two conductors, an electrostatic force would develop between these two 
objects. This is defined as electrostatic actuation. 

Electrostatic forces are not often used for driving macroscopic machinery. However, micro 
devices have large surface-area-to-volume ratios and their masses are generally very small, thus 
making electrostatic force, which is a surface force, an attractive candidate for micro actuation. 
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FIGURE 4.1 


An electrostatic micro motor. 


The electrostatically driven micro motor was one of the earliest MEMS actuators [1]. The 
motor, schematically diagrammed in Figure 4.1, consists of a rotor that is attached to the substrate 
with a hub, and a set of fixed electrodes on the periphery, called stators. The stators are grouped 
together such that each group of four electrodes is electrically biased simultaneously. Three such 
groups are present for the motor shown in Figure 4.1 and are identified by different fill patterns. 

To explain the operation principle of the electrostatic motor, let’s begin with the rotor at 
an arbitrary angular rest position (Figure 4.1a). One group of stator electrode is first biased. 
(The electrodes that are biased at a particular stage are identified by arrows placed next to 
them.) An in-plane electric field develops between any given stator electrode in this group and 
the closest rotor tooth next to it. This generates an electrostatic attractive force that aligns the 
said tooth with the said stator electrode. The torque values are on the order of pico Nm for volt- 
ages of the order of 100 V, large enough to overcome static friction. A small angular movement 
of the rotor is made to reach a new configuration diagramed in Figure 4.1b. The electric bias is 
shifted to the next group of stator electrodes (Figure 4.1c), resulting in another small angular 
movement in the same direction. Continuous motion of the rotor can be achieved by activating 
the stator electrodes by groups in succession. The fabrication process of the motor is discussed 
in depth in Chapter 11. Later works in the area of electrostatic actuators have provided new 
designs for greater power and torque output (e.g., [2]). 

In this chapter, I will discuss the principles and governing equations of capacitive sensors 
and actuators. Major advantages of electrostatic sensing and actuation are summarized in the 
following. 


1. Simplicity. The sensing and actuation principles are relatively easy to implement, requir- 
ing only two conducting surfaces. No special functional materials are required. Other 
sensing methods, such as piezoresistive and piezoelectric sensing, and other actuation 
methods, such as piezoelectric actuation, require deposition, patterning, and integration 
of special piezoresistive and piezoelectric materials. 


2. Low power. Electrostatic actuation relies on differential voltage rather than current. The 
method is generally considered energy efficient for low-frequency applications. This is 
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especially true under static conditions, when no current is involved. At high frequencies, a 


time- and frequency-dependant displacement current, i(t), will develop in response to a 

dV(t 

time-varying bias voltage V(t). The magnitude of the current is i(t) = C oi The instan- 
taneous power delivered to a capacitor is p(t) = i(t) + V(t). 

3. Fast response. Electrostatic sensing and actuation offers high dynamic response speed, as 
the transition speed is governed by the charging and discharging time constants that are 
typically small for good conductors. For example, the switching time of the mirrors in the 
digital micromirror display (DMD) array is smaller than 21 us, fast enough to support 
8-bit gray scale display. 


Relative disadvantages of electrostatic actuation and sensing should be recognized as well. High 
voltage required for static actuator operation is considered a drawback. The DMD mirrors are 
switched by voltage on the order of 25 V to achieve +7.5 degree tilting. A monolithically inte- 
grated optical mirror with 9° tilt range requires 150 V bias voltage [3]. Linear electrostatic actu- 
ators requiring hundreds of volts to move a microstructure by several tens of micrometers are 
rather common. High voltage introduces electronics complexity (for providing high voltage 
supply) and material compatibility issues. Electrodes that are mechanically connected with insu- 
lators tend to accumulate charges, especially under DC operation modes. The trapped charges 
will change the operation characteristics. 

There are two major categories of capacitive electrode geometries: parallel-plate capaci- 
tor and interdigitated finger (comb-drive) capacitors. The static capacitance values of parallel 
plates and comb drives are generally very small, being on the order of pF or smaller. For capac- 
itive sensors, careful design of electrical circuits is needed to register capacitance changes (Af) 
on the order of fF or lower [4], in the presence of noise and interference sources. 

Capacitive actuators often take advantage of electrostatic attraction between two oppo- 
sitely charged surfaces. Repulsive electrostatic forces, which are used less often, can be devel- 
oped between two surfaces with same charge polarities [5, 6]. For example, vertical levitation of 
interdigitated fingers up to 0.5 wm has been demonstrated under applied voltage of 20 V for an 
18-finger device. 

The majority of capacitive devices use electrodes that dissipate charges quickly. Some, 
however, are made of dielectric materials that develop permanent ordering of molecular 
dipoles or retain charges. A class of charged material, called electrets, is made of organic 
polymers such as Teflon or poly(methylmethacrylate) (PMMA) [7]. The electrets can be 
charged through global [7, 8] or local [9] electron injection, to a surface density of 1074 C/m? 
or greater. 


PARALLEL-PLATE CAPACITOR 
Capacitance of Parallel Plates 


A parallel-plate capacitor is the most fundamental configurations of electrostatic sensors and 
actuators. Such a capacitor, as its name suggests, consists of two conducting plates with their 
broad sides parallel to each other. In a broader definition, these two plates are not required to 
be exactly parallel at all time nor are they required to be planar. 
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A representative application using the parallel-plate electrostatic actuation principle is 
the DMD chip made by Texas Instruments Inc. [10]. A DMD chip consists of a large array of 
micromirrors, or binary light switches. Each mirror is made of a reflective plate capable of ro- 
tating about a torsional support hinge. Two electrodes are embedded below the reflective plate, 
each covering one half of the plate area on each side of the torsional hinge. Two sets of parallel 
capacitors are thus formed, between each of the underlying electrodes and the mirror surface 
above. By applying voltages to either bottom electrode, the mirror device would tilt under elec- 
trostatic attractive force, by +7.5 degrees, to deflect incoming light. 

Let us examine a simple parallel-plate capacitor depicted in Figure 4.2. These two plates 
have an overlapping area of A and a spacing of d. The dielectric constant, or relative electrical 
permitivity, of the media between the two plates is denoted ¢,. The permitivity of the media is 
& = &,&, where sọ is the permitivity of the vacuum (sọ = 8.85 X 10714 F/em.) 

The value of the capacitance, C, between the two plates is defined as 


Çar (4.1) 


where Q is the amount of stored charge and V the electrostatic potential. The electric energy 
stored by a given capacitor, U, is expressed as 


U = GV =n (4.2) 


For a parallel-plate capacitor, electric field lines are parallel to each other and perpendic- 
ular to the plate surfaces in the overlapped region. Fringe electric fields reside outside the 
boundary of electrode plates. The fringe field lines are three-dimensional in nature and should 
be considered in rigorous design analysis. In this book, I skip the discussion about the fringe 
electric field, for the interest of not disrupting the focus of beginning students. 

According to the Gauss’s law, the magnitude of the primary electric field, E, is related to Q by 


E = Q/eA. (4.3) 


The magnitude of the voltage is the electric field times the distance between two plates (d). The 
capacitance of a parallel-plate capacitor is 
Q Q Q EA 


C V` Ed Ọ 7 P (4.4) 


cA 
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The capacitance value is proportional to A and inversely proportional to d. It is a function of 
the electric permitivity, €. 

Two parallel plates can move with respect to each other in two ways—normal displace- 
ment or parallel sliding displacement. In this textbook, we are mainly concerned with the cases 
where two parallel plates move along their normal axis. 

The parallel-plate capacitor is a versatile platform for physical, chemical, and biological 
sensors. By measuring the capacitance value of a parallel capacitor, one can sense the changes 
of permitivity, A, or d. The permitivity can be changed by temperature and humidity [11] of the 
capacitor media. The capacitance change via the permitivity route can be used to characterize 
liquid, air, or even biological particles in the gap. For example, the DNA content of eukaryotic 
cells can be observed through a linear relation between the DNA contents of cells and the 
change in capacitance that is evokes by the passage of individual cells across a 1-kHz electric 
field [12]. The overlapped area of and distance between plates can be changed by contact force, 
static pressure [13], dynamic pressure (acoustics) [14], and acceleration [15]. 

The capacitor can be used as an actuator to generate force or displacement (if at least one 
of the capacitor plate is suspended or deformable). Let us examine a pair of electrode plates, 
with one plate firmly anchored and another one suspended by a mechanical spring. As a differ- 
ential voltage is applied between the two parallel plates, an electrostatic attraction force will 
develop. The magnitude of the forces equals the gradient of the stored electric energy, U, with 
respect to the dimensional variable of interest. The expression for the magnitude of the force is 


au) _ 1jac 
Ox 2| 0x 


v, (4.5) 


where x is the dimensional variable of interest. If the plates move along their normal axis, the 
gap between electrodes changes. The magnitude of the force can be rewritten as 


U| 1eA 1cV? 
F= = a= 4.6 
ôd 2 @ 2d Co 
: i : ; : ðU 1jdC], 2 . 
by replacing the general dimensional coordinate x in F = Belli oll ae V“ Equation 4.5 with d. 
x x 


Under a constant biasing voltage, the magnitude of the electrostatic force decreases dras- 
tically with increasing gap, d. The electrostatic force is considered a short-range force, most 
effective when the gap is on the order of a few micrometers. 

The upper limit of the applied voltage for actuation is the breakdown voltage of dielectric 
media. If the media is air, the breakdown voltage can be predicted following the Paschen curve, 
which predicts that the breakdown voltage increases for decreasing gap sizes. This is a favorable 
scaling law for MEMS capacitive devices. 


Example 4.1 Calculating Capacitance Value 


Consider an air-gap capacitor made with two fixed parallel planar plates. At rest (zero bias), 
the distance between two parallel plates is xọ = 100 um, and the areas of plates are 
A = 400 X 400 um?. The media between the two plates is air. The biasing voltage between 
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these two plates is V = 5 Volts. Calculate the numerical value of the capacitance and the mag- 
nitude of the attractive force (F). What is the capacitance value if half of the area is filled with 
water (as the inter plate media)? 
Solution. To find the capacitance value, we use 


A 
C = ¢,e9— = 14.17 x 10 PF. 
Xo 


The force can be calculated using 


dE 1CW 
od 2 Xo 


F = 1.8 x 10N. 


If one half of the plate area is occupied with water and another half by air, each half can be con- 
sidered separately. The total capacitance consists of two capacitors connected in parallel. The 
relative dielectric constant of water at room temperature is 76.6. The capacitance associated 
with the half with water media is 

A/2 _ 76.6 X 8.854 x 10°? x 80000 x 107! 
Xo 100 x 10% 


The capacitance of the half with air media is Cair = 7.08 X 10 >F 
The total capacitance is 


C = Cair + Cwater = 549.6 X 107" F. 


= 5426 x 10 DF, 


Cwater = &£0 


Equilibrium Position of Electrostatic Actuator Under Bias 


Many electrostatic sensors and actuators involve at least one deformable plate supported by 
springs. An important design aspect for such sensors and actuators is to determine the 
amount of static displacement under a certain biased voltage. In this section, I will discuss the 
procedures for calculating the equilibrium displacement under static (DC) and quasi-static 
(low frequency) biasing conditions. 

A parallel-plate capacitor with one movable plate supported by a mechanical spring is 
diagramed in Figure 4.3. The top plate is supported by a spring with the force constant being 
Km. At rest, the applied voltage, displacement, and the mechanical restoring forces are zero. 
Gravity does not play an important role in static analysis of micro devices, because the mass of 
plates is generally very small and the gravitational force would not cause appreciable static 
displacement. 

When a voltage is applied, an electrostatic force Fejectric Will be developed. The magnitude 
of Felectric When the movable plate is at its starting position is given by 


12A 1 Cv? 
Felectric = 2 Ê vV = 2 d` 


(4.7) 


This force will tend to decrease the gap, which gives rise to displacements and mechanical 
restoring force. Under static equilibrium, the mechanical restoring force has equal magnitude 
but opposite direction as the electrostatic force. 
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FIGURE 4.3 


A coupled electro-mechanical model. 


The case of an electrostatic actuator is very intriguing. The magnitude of electrostatic 
force itself is a function of the displacement. To make things more complex, the electrostatic 
force modifies the spring constant as well. From the discussion in Chapter 2, we know that 
when the electrostatic force acts in the opposite direction as the mechanical restoring force, the 
spring will be effectively softened. The spatial gradient of the electric force is defined as an 
electrical spring constant, 
cv*| _ cv 

A ee (4.8) 
As seen, the magnitude of electrical spring constant changes with position (d) and the biasing 
voltage (V). On the other hand, the mechanical spring constant (km) stays unchanged for small 
displacements. 

The effective spring constant of a structure is the mechanical spring constant minus the 
electrical spring constant. 

Let us derive the equilibrium displacement of a spring-supported electrode plate under a 
bias voltage V. Suppose the resulted equilibrium displacement is x, with the x-axis pointing in 
the direction of increasing gap (Figure 4.3). With the displacement x, the gap between elec- 
trodes becomes d + x(d + x < d). The electrostatic force at the equilibrium position is 


1 sA 5 LAC 


OF electric 
od 


ke = 


Folectric = : 4.9 
electric 2 (xo + x? 2 (xo m x) ( ) 
The magnitude of the mechanical restoring force is 
F mechanica = —KmX- (4.10) 
Equating the magnitudes of Finechanical and F mechanical, at x and rearranging terms, we obtain 
See = F mechanical _ F electrical _ C(x) v ( 4 11) 
Km Km 2(xo + x)Km ` 


The equilibrium distance between two capacitor plates can be calculated by solving the qua- 
dratic equation above with respect to x. 
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FIGURE 4.4 


The magnitude of the electric force and mechanical force as a function of plate spacing. 


The analysis of equilibrium position can be visualized graphically as well (Figure 4.4). We 
first setup a coordinate system where the horizontal axis represents the space between the two 
plates and the vertical axis is the amplitude of the mechanical or electrostatic forces, irrespec- 
tive of their directions. A plate located at the origin of the x-axis is rigid, whereas the plate 
originally placed at a distance x9 away from the origin is movable. 

Two curves, one representing the amplitude of the mechanical restoring force and one 
representing that of the electrostatic force, are plotted as a function of electrode positions. 
The mechanical restoring force (Finechanical) changes linearly with the position for a fixed bias 
voltage V. The electrical force (Fejectrical) increases with x in a nonlinear fashion, following the 
expression of Equation 4.9. 

In the diagram above, there are multiple interception points for the two curves, corre- 
sponding to the solutions of Equation 4.11. At each interception point, the magnitude of the 
electrical force and the mechanical force are identical. The horizontal coordinates of the inter- 
ception points therefore indicate the equilibrium positions of the movable plate. It is notewor- 
thy that although several interception points are possible, only one of them will be achieved in 
reality. Specifically, the solution that is closest to the rest position is realized first and is gener- 
ally the realistic solution. 

The graphical method can be used to track the equilibrium position as the bias voltage is 
changed. The equilibrium positions of the actuator under three representative bias voltages, 
V,, V2 and V3, can be found graphically (Figure 4.5). As the voltage increases, the family of 
curves corresponding to electric forces shifts upwards. The x coordinates of the interception 
points are moved further away from the rest position. 


4.2.3 
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Pull-In Effect of Parallel-Plate Actuators 


At a particular bias voltage, the two curves representing the mechanical restoring force and the 
electrostatic force intercept at one point tangentially, Figure 4.6. At the interception point, the 
electrostatic and mechanical restoring forces balance each other. Moreover, the magnitude of 
the electric force constant (given by the gradient at the intercept point) equals the mechanical 
force constant. The effective force constant of the spring is zero (i.e., extremely soft). This is a 
special condition and should be dealt with carefully in practice. The bias voltage that invokes 
such a condition is called the pull-in voltage, or Vp. 

If the bias voltage is further increased beyond Vp, the two curves will not have a com- 
mon interception, thus the equilibrium solution disappears. In reality, the electrostatic force 
will continue to grow while the mechanical restoring force, increasing only linearly, is unable 
to catch up with it again. The two plates will be pulled against each other rapidly until they 
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made a contact, at which point the mechanical contact force will finally balance the electric 
one. This condition is called pull in, or snap in. 

The voltage and displacement necessary to induce the pull-in condition is therefore quite 
important for designing electrostatic actuators. Although the pull-in effect can be explained 
quite easily using graphics methods, an analytical model is needed to yield the exact values of 
voltage and positions. We will review the pull-in condition for a simple spring-loaded electrode 
system depicted in Figure 4.3. 

At the pull in voltage, there is one tangential intersection point between |Fejectricail and 
|F mechanical] Curves. The magnitudes of the electrical force and the mechanical balance forces are 
the same. By equating these two forces and rearrange terms, we obtain 


_ —2kmx(x + xo)? _ —2kmx(x + xo) 


2 
V cA C 


(4.12) 
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The value of x is negative when the spacing between two electrodes decreases. In addition, the 
gradients of these two curves at the intersection point are identical, namely, 


Kel = [Kinl- (4.13) 
The expression for the electric force constant, 
cv? 
ke = PA (4.14) 


can be rewritten by plugging in the expression for V? (derived in Equation 4.12). This proce- 
dure results in a new expression for the electric force constant, 


cv? —2KnX 


ee (x + x9)? 7 (x + xo) oe) 
The only solution for x under which Equation 4.13 can be satisfied is 
goes (4.16) 
3 


The above equation states that the relative displacement of the parallel plate from its rest 
position is exactly one third of the original spacing at the critical pull-in voltage. This critical 
displacement is true irrespective of the actual mechanical force constant and the actual pull- 
in voltage. 

The voltage at pull in can be found easily by plugging in the transition distance to 
Equation 4.12. This yields, 

4xĝ 
vž = oc km (4.17) 

Consequently, the pull-in voltage is found to be 


_ 2x0 Kin 
P 3 N15 


(4.18) 


In reality, the pull-in voltage and threshold distance will deviate from the calculation ob- 
tained using the idealized case. There are two sources of deviation from the ideal model. First, 
the fringe capacitance will alter the expression of the electrostatic force. Second, the restoring 
force provided by the mechanical springs will differ from that predicted by the linear model if 
the displacement is large. 

Understanding about the pull-in effect and mathematical tools for estimating the pull- 
in effects have been advanced steadily [16]. Comprehensive analysis of the pull-in phenom- 
enon can be carried out for systems with multiple degrees of freedom and hysteresis 
[17-19]. More complex cases, such as pull-in effect of rotational electrostatic actuators 
based on torsional support [20] and that of electrodes with complicated profiles (e.g., can- 
tilevers and membranes) have been studied in the past [21-24]. Many electrostatic actuators 
and sensors are operated at high frequencies. The pull-in effects of such dynamic systems 
are important for the system performance and have been studies numerically and experi- 
mentally [25, 26]. 
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( 2 
E Example 4.2 Calculation of Equilibrium Position 


A parallel-plate capacitor is suspended by two fixed-guided cantilever beams, each with length, 
width and thickness denoted /, w and t, respectively (Figure 4.7). The material is polysilicon, 
with a Young’s modulus of 120 GPa. (/ = 400 um,w = 10 um,andt = 1 um.) The gap xo 
between two plates is 2 um. The area of the plate is 400 um by 400 um. 

Calculate the amount of vertical displacement when a voltage of 0.4 volts is applied. Repeat 
the calculation of displacement for the voltage of 0.2 volts. 


Solution. There are three steps in a standard analysis procedure. 
Step 1. Find out the force constant associated with the actuator. 
We calculate force constant of one beam first using a model of a fixed-guided beam. For 
each beam, the vertical displacement under applied force F is 
_ FP 
~ 12Er 


The force constant is therefore 


F 12EI Ew 120 x 10? x 10 x 10° x (1 x 10°°) 
d È P (400 x 10°°)° 


Km 


= 0.01875 N/m. 
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FIGURE 4.7 


An electrostatic actuator plate supported by two fixed-guided beams. 
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Because the plate is supported by two beams that are connected in parallel, the overall 
force constant is the sum of two separate force constants, namely 


Km = 0.0375 N/m. 
This is a rather “soft” support. 
Step 2. Find out the pull in voltage 


In order to determine the equilibrium position, we must find the pull in voltage first. If the 
applied voltage is greater than the pull in voltage, the two plates would snap together. 


We first find the static capacitance value Co, 
8.85 x 107! (F/m) x (400 x 10%)? 


Co Er = 7.083 x 107" F. 
2 x10 
The pull in voltage is therefore 
2 2x2Xx 10 0.0375 
= o es J -z = 0.25 (volts). 
3 V1.5C 3 1.5 X 7.083 x 107° 


Thus when the applied voltage is 0.4 volts, the plate has already reached pull in state and 
the spacing between the two electrodes is zero. 


Step 3. Repeat the calculation for applied voltage of 0.2 volts. 
If the applied voltage is 0.2 volts, the pull in condition is not reached. To find the vertical 
equilibrium positions, we use 
_ —2kmx(x + xo)? _ —2kmx(x + xo) 
£A C ` 


y2 


We can rewrite this with respect to the value of x, 

V?esA 7 
2km 

xX +4 X 10%? + 4x 10x + 7.552 x 10” = 0 


xt 2x9 x? + xx + 0 


The solution to this equation can be found both numerically and analytically. The analyti- 
cal solution of 


xX +al+bx+ce=0 
can be found by first substituting 
y =x + a3 
The solutions are 
y=A+B 


or 


Lea eas 
3 
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The terms A and B are 


A= tO 
B = ¿j4 - VO. 
Where 
3 
a ab 
=2(-} -— + 
q=2) -2+ 
and 
3 2 
P q 
ea (eee ee os E 
ga EG 
where 
2 
—a 
= — +b 
KETB 


For a third-order polynomial equation, three distinct solutions can be found. For this 
problem, all the mathematically feasible solutions are listed below: 


xı = —2.45 X 10°77 um, x2 = —1.2 X 10% um, and x3 = —2.5 X 10° um. 


However, the late two numbers are not correct because one of them (x2) is already into 
the pull-in range, and x3 is even beyond the original electrode gap allowance. 


Pull-in may result in irreversible damages due to short circuit, arcing and surface bonding. Elec- 
tric shorting upon pull-in contact may be prevented by depositing dielectric insulators on electrodes. 

The pull-in phenomenon prevents the displacement of a parallel capacitor actuator to 
reach its full-gap allowable range. The displacement is limited to 1/3 of the initial gap size. Full 
gap actuation is desired to operate electrostatic actuators with wider range of motion for many 
applications. Recent work has shown that full-gap positioning is possible with proper mechani- 
cal design and electrical control. A few methods are summarized below: 


e the use of dynamic control methods, including series capacitor feedback [27]; 
e the use of leveraged actuators [28] or variable height plate design [29]; 
e the use of current drive, instead of voltage drive [30]. 


4.3 APPLICATIONS OF PARALLEL-PLATE CAPACITORS 


Parallel-plate capacitors can be broadly applied in a variety of sensing and actuation applications. 
I will discuss four representative classes of physical sensors and parallel-plate actuators in this 
section. Several case studies are presented. A reader who is not familiar with microfabrication 
technology may refer to chapters 10 and 11 before reviewing fabrication processes related to 
these case studies. 
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Inertia Sensor 


According to the Newton’s Second Law, an acceleration (a) acting on an object with a mass m 
would produce a reactive inertia force ma relative to its frame. The inertia force may in turn 
modify capacitive electrode spacing. This constitutes the basic operating principle of electrostatic 
acceleration sensors. In Case 4.1, the mechanical structure used is a cantilever beam. In Case 4.2, 
a torsional bar is used instead. 


Example 4.3 Capacitance Sensor Response 


A parallel capacitor with an area (A) of 100 x 100 um? is supported by four cantilever beams. 
The plate is made of polycrystalline silicon that is t = 2 wm thick. The distance between the 
bottom of the plate and the substrate is d = 1 um. Each cantilever beam is 400 um long (J), 
20 um wide (w), and 0.1 um thick (t). Find the relative change of capacitance under an accel- 
eration of 1 g. 


Solution. The mass of the plate is 
m = pAT = 2330 x (100 x 10%)? x 2 x 10°° = 46.6 x 10 kg. 
The magnitude of the force acting on the plate under an acceleration a is 
F = ma = 46.6 x 10” N. 
Suppose the Young’s modulus of polysilicon is 150 GPa. The force constant associated with all 
four support beams (fixed-guided) is 


9:0) 20 x 10%% x (0.1 102)? 
48 x 150 x 10° x 


12EI 12 
k=4x ( s ) = oar = 0.0001875 N/m. 
i (400 x 10°°) 


The static displacement under the applied acceleration is 


F 
ô = T = 0.248 um. 


The capacitance value under zero applied force is 
A 885 x 10°!” x (100 x 10)? 


C= = = 88.5 x 10 PF. 
07eg 1x10% 


The value of the capacitance after the displacement ô is 


A 885x10" x (100 x 10%) 


= 117.7 x 10" F. 
d- ô (1 — 0.248) x 10 


C=e 


The relative change of the capacitance is 
C- Co 
0 


x 100% = 33%. 
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I will review two examples of micromachined accelerometers, both realized on silicon 
wafers with integrated circuits for signal processing. In both cases, the micromachining processes 
are compatible with the integrated circuits. This compatibility is crucial in order to increase the 
cost effectiveness of integration and ultimately, performance of sensors. In the case of accelerom- 
eters, the degree to which the electronic and transducer elements can be fabricated during the 
same or complementary processing steps will determine the practicality and market competitive- 
ness of a particular design. 


( X 
Æ Case 4.1 Parallel-Plate Capacitive Accelerometer 


One of the earliest fully integrated capacitive acceleration sensors is surface micromachined 
on a wafer with integrated MOS detection circuitry [15]. The sensor consists of a metal- 
coated oxide cantilever with a 0.35-ug-thick electroplated gold patch at its distal end serving 
as a proof mass. The length, width, and the thickness of the cantilever are 108 um, 25 wm, and 
0.46 um, respectively. The counter electrode is made of heavily doped p type silicon. The ca- 
pacitor gap (Cp) is defined by an epitaxy silicon layer grown on a silicon surface. 

A surface micromachining process was developed (Figure 4.8), using thermal oxide as 
the cantilever structural material and epitaxially grown silicon as the sacrificial layer. The 
process starts with an n-type, (100) silicon wafer. A heavily boron doped region (with con- 
centration of 107°/em) is made using an oxide layer as the doping barrier (step b). Between 
steps a and b, certain detailed procedures such as the oxide growth, deposition and pattern- 
ing of photoresist, and the subsequent oxide etch and photoresist removal are skipped. An 
expitaxial silicon layer with a resistivity of 0.5 Qcm is grown to a thickness of 5 um over the 
entire wafer (step c). Another layer of oxide is deposited and patterned (step d), serving as a 
mask for etching via hole (step e) and then as a barrier for doping (to form drain, source, and 
electrical conduction paths on the slopes of the via hole) (step f). The doping is conducted 
using ion implantation at 100 keV energy and 5 x 10!4/cm? dose. During the via hole etch, 
the heavily doped region will not be attacked because the etchant reduces its etch rate on 
heavily doped silicon (a topic we will cover in more detail in Chapter 10). 

The oxide barrier is removed (step f). This step is followed by the growth of another 
layer of thick oxide, which serves as the dielectric insulator, the cantilever, and etching bar- 
rier in regions other than the gate (step g). A layer of metal is deposited and patterned. It 
provides electrical interconnects to the bottom p* electrode, electrode on top of the oxide 
cantilever, and gate of the field effect transistor (step i). The metal layer consists of 20-nm- 
thick Cr followed by 40-nm-thick gold, with the Cr used to satisfy a critical requirement of 
enhancing the adhesion between the gold and the substrate. Finally, a wet silicon etch is 
performed to undercut epitaxial silicon beneath the oxide cantilever (step j). 

The released cantilever is naturally bent due to intrinsic stress present in the metal and 
oxide thin films. The upward bending is approximately 1.5° at the end of the cantilever. Under 
the influence of applied acceleration, the beam will further deform from the stationary profile. 
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FIGURE 4.8 


Capacitive accelerometer. 
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For these reasons, the cantilever surface is not perfectly parallel with the substrate. The capac- 
itance value between a curved cantilever and the doped counter electrode can be estimated in 
a piece-wise fashion, by summing incremental capacitances contributed by longitudinal seg- 
ments of the cantilever. By ignoring fringe capacitance, the total capacitance is estimated as 


L L 
Gre er eae eae 4.19 
‘Baa x AX = Pegs (4.19) 
0 0 


where L and b are the length and width of the cantilever, respectively, and eg the permitiv- 
ity of the air medium. Other terms in the equation are indicated in Figure 4.8. The calcula- 
tion of the beam bending curvature is complicated by the variable stiffness associated with 
different regions of the cantilever—the area overlapped with the proof-mass is much 
thicker and considered a rigid body. 

The capacitance change is read using a relatively simple impedance converter. The 
sensor is capable of 2.2 mV/g of acceleration sensitivity, corresponding to a beam displace- 
ment of 68 nm/g. The mechanical resonant frequency of the cantilever is 22 kHz. 

This sensor was developed early and used silicon and silicon-related thin films heavily. 
In Chapter 11, we will discuss several alternatives to the materials and processes discussed in 
this case. 


Case 4.2 Torsional Parallel-Plate Capacitive Accelerometer 


The sensor discussed above showcased a process where micromechanical and electronics 
elements are fabricated in an interwoven process flow. However, this practice is not always 
possible or advantageous. The monolithic integration raises issues such as materials and 
process compatibility. For example, the composite beam consisting of oxide and metal ex- 
hibit undesirable intrinsic bending. 

Case 4.2 illustrates a different strategy for integrating electronics with mechanical 
elements [31]. The authors developed surface micromachined sensing elements that can be 
added to silicon wafers after the standard processing of electronics elements is completed. 

Exposure of a silicon wafer with circuitry to high temperature under prolonged dura- 
tion may cause dopants in active regions of the circuits (e.g., source and drain) to diffuse 
out. This will irreversibly change electrical characteristics or introduce device failure in ex- 
treme cases. The top-level surface micromachined structures need to be deposited and 
processed under relatively low temperatures. The oxide structural layer used in Case 4.1 
requires high temperature to be deposited and is therefore not suited here. 

The new device consists of a flat nickel-top plate supported by torsional bars. 
Counter electrodes are located on the substrate surface (Figure 4.9). Since the plate 
weight is asymmetrically distributed with respect to the rotational axis, acceleration along 
normal axis to the substrate will cause the top plate to rock in one direction or another. 
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FIGURE 4.9 


Schematic diagram of a surface micromachined parallel-plate capacitor serving as an accelerometer. 


The total mass of the top plate is determined by the geometric design. A nickel plate with 
a size of 1 x 0.6 mm’ in area and 5 um in thickness is used. Devices covering various acceler- 
ation ranges can be made. In fact, many elements with varying characteristics can be made on 
the same die to increasing the overall dynamic range of the sensor. For a 25 g device, the tor- 
sion bars are 8 wm wide, 100 um long, and 5 wm thick. The mass of the suspended plate is 
6.9 X 10°’ g. The capacitance value is approximately 150 pF at rest. 

The process starts with a silicon wafer that has already gone through the complete 
cycle of IC fabrication. Conducting electrode patches on the IC wafer serve as the bottom 
electrodes (step a). First, a conductive layer, metal 1, is deposited over the substrate sur- 
face (step b). This serves as a seed layer for subsequent electroplating. A second layer of 
conductive metal (metal 2) is deposited and patterned, forming bottom electrode patterns 
(step c). The combined thickness of these two metal layers is 5 um. Next, a photoresist layer 
is deposited and patterned, opening windows to reach the metal 1 layer (step d). Electro- 
plating of nickel takes places in the open window to define the movable plate (step e). The 
thickness of the electroplated nickel determines the thickness of the movable plate and 
that of the torsional bar. The photoresist is removed, following by the etching of the sacri- 
ficial metal. The bottom conductive layer (seed layer) is etched as well. It is important to 
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make sure that the metal 1 layer underneath the anchor is not removed (step f). All steps, 
including deposition and etching, take place under room temperature. 

The sensor’s response is calibrated within a broad temperature range (—55 to 125°C) 
as dictated by military and automotive industry specifications. The shift is within 200 ppm 
per °C within this temperature range. Here, capacitive sensing is advantageous over other 
modes of sensing (e.g., piezoresistive) as the temperature sensitivity is relatively low. 


Pressure Sensor 


Pressure sensors are widely used in automotive systems, industrial process control, medical di- 
agnostics and monitoring, and environmental monitoring. The membrane thickness is a primary 
factor in determining the pressure sensor sensitivity. MEMS technology allows membranes to 
be very thin compared to what can be achieved with conventional machining. The uniformity of 
membrane thickness is very good using microfabrication. Pressure sensors based on piezoresis- 
tive sensing elements are the most popular (see Chapter 5); however, ones based on capacitive 
sensing is also used rather widely. Membrane-based pressure sensors are ideally suited for par- 
allel capacitive sensing. Capacitive pressure sensors offer the advantages of greater pressure 
sensitivity, lower temperature sensitivity, and reduced power consumption compared with 
piezoresistive pressure sensors. Piezoresistive pressure sensors, discussed in Chapter 5, are self- 
consistent and do not rely on counter electrodes or matching surfaces. 

We review two examples of pressure sensors in the following to illustrate unique and in- 
novative designs and fabrication steps. Case 4.3 is dedicated to a capacitive pressure sensor 
with sealed chamber to provide a pressure reference. It is made by using bulk micromachining 
and wafer-bonding techniques. Case 4.4 is an acoustic sensor made by combining bulk micro- 
machining and surface micromachining steps. 


( XV 
= Case 4.3 Membrane Parallel-Plate Pressure Sensor 


A membrane pressure sensor can detect pressure differential across the membrane. Two 
pressure ports are typically required. To simplify the pressure sensor design and use, ab- 
solute pressure sensors are often desirable. In such sensors, the reference pressure at one 
side of the membrane is integrated. One popular choice is to provide a zero pressure refer- 
ence (vacuum) by hermetic sealing. 

A pressure sensor with batch processed, hermetically sealed vacuum chamber is illus- 
trated below [32]. The use of vacuum avoids expansion of trapped air and increases the 
bandwidth by eliminating air damping inside the cavity. According to the authors, the device 
must retain resolution over a temperature range from —25°C to 85°C. However, the need 
for vacuum packaging and integration with integrated circuits presents a critical challenge. 

The sensor cross section is shown in the last step of Figure 4.10. A membrane made 
of doped silicon serves as the pressure sensing element and one electrode. The counter 
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electrode consists of patterned metal thin film on the bottom substrate (made of glass in 
this case). A fabrication process was developed where the micromachined silicon mem- 
brane was transferred to a glass substrate. The process begins with a (100) silicon wafer 
(Figure 4.10, step a). An oxide mask is deposited and patterned (step b), serving as a 
chemical barrier during a wet anisotropic etching of silicon (using KOH solutions) (step c). 
A 9-um-deep recessed region is created with the slopes being [33] surfaces (step d). An- 
other layer of oxide is grown, this time as a conformal coating. The oxide is then pho- 
tolithographically patterned (step f). 

The depositing of photoresist film over a wafer with recessed cavities poses a 
challenge. The uniformity of the spin-coated resist layer will be negatively impacted by 
the presence of surface topology. Further, photo exposure action on the bottom of the 
cavity, which is 9-um away from the ideal focus plane of the photolithography expo- 
sure tool, reduces linewidth resolution. During process, caution should be exercised 
whenever photolithography is performed on wafers with significant topographic 
features. 

A boron diffusion step at 1175°C is conducted (step g), to form doped regions as 
thick as 15 um. This is followed by the stripping of the oxide, and growth and patterning of 
yet another oxide layer (step h). The second oxide layer is used in a subsequent boron dif- 
fusion step to define a doped region (depth = 3 um), which becomes the thickness of the 
membrane diaphragm (step i). A layer of silicon oxide is deposited and patterned, to form 
a dielectric insulation (step j). The researchers patterned via holes in the oxide, which 
allow a subsequently deposited polysilicon to contact the boron doped region and provide 
electrical contact with the membrane later (step k). A short diffusion session (at 950°C) is 
performed to dope the polysilicon; this is followed by a chemical mechanical polishing 
(CMP) step to increase the top surface smoothness. The polishing step enhances the yield 
of the sealing step later. 

A layer of metal (consisting of Cr and Au) is deposited and patterned, with the gold 
facing the front side of the wafer (step 1). An oxide layer is deposited and patterned to re- 
side on the bottom of the cavity to provide electrical isolation in case the top membrane 
touches the bottom electrode. The researchers flip bonded the wafer onto a glass wafer, 
which is coated with a composite Ti-Pt-Au layer. Wafer-level anodic bonding to the glass is 
performed in vacuum (1 x 10~° torr) at 400°C for 30 min (step m). The backside of the sil- 
icon wafer is etched in an anisotropic silicon etchant to dissolve the silicon other than the 
heavily doped, raised membrane (step n). 

Due to the large gap, the sensor has a wide dynamic range (500-800 torr) along with a 
very high resolution (25 mtorr, equivalent of altitude difference of one foot at sea level) after 
readout and digital compensation. The device yielded a pressure sensitivity of 25 fF/torr (or 
3000 ppm/torr). 

Alternatively, hermetically sealed cavities can be formed by chemical vapor deposi- 
tion under vacuum to encapsulate strategically placed etch holes [34]. Capacitive pressure 
sensors with or without hermetic sealing can also be made using surface micromachining 
processes [35]. 
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( X 
í Æ Case4.4 Membrane Capacitive Condenser Microphone 


Next we discuss a condenser microphone, which is a pressure sensor for measuring acoustic 
pressure fronts created when sound waves travel through air or liquid. Sound waves are os- 
cillating pressure waves. The classic definition of the strength of sound is sound pressure 
level, SPL (in the unit of decibels, or dB). The expression for SPL is 


SPL = 20 iog 2|, (4.20) 
Po 


where pı is the sound pressure and pọ is a reference pressure. There is no universally 
accepted standard reference pressure; however, the pressure of 0.0002 microbar (or 
2 X 10% N/m?) is commonly used in air acoustics and has been used in underwater 
noise acoustics. 

A condenser microphone consists of a parallel-plate capacitor, with one solid plate 
(called a diaphragm) that moves under incoming acoustic waves while another one being 
perforated (called a backplate). The perforation reduces the amount of plate deformation. 
A capacitor formed between these two electrodes would therefore change its value in re- 
sponse to incoming sound waves. The monolithic integration of the capacitor with inte- 
grated circuit is key to realizing high resolution and miniaturization. 

The condenser microphone discussed in this paper [36] does not involve wafer bond- 
ing as in Case 4.3. The schematic diagram of the microphone is shown in the final step of 
Figure 4.11. Mechanically, the device consists of a perforated plate made of polyimide thin 
film, and a solid plate made of the same material. Metal conducting thin films are inte- 
grated with both plates. The capacitor is electrically connected to the on-chip integrated 
circuitry. 

The fabrication process of this device combines surface and bulk micromachining 
steps. It starts with a silicon wafer that contains fully processed integrated circuit elements. 
The active device regions are made in a p type epitaxial layer. Both n- and p-channel field 
effect transistors are made on the same substrate, with two of each kind shown on two ends 
of the cross-sectional view of the wafer (step a). The wafer is covered with a passivation 
oxide dielectric. 

A composite metal thin film (consisting of chromium, platinum, and chromium) is 
deposited and photolithographically patterned. A layer of photo patternable polyimide is 
deposited and patterned, overlapping with the metal thin film below. The researchers used 
a Cr layer to increase adhesion between the platinum layer to the surrounding structural 
layers (oxide below and polyimide above) (step b). A layer of aluminum is deposited on 
top of the polyimide, with its thickness defining the gap of the future parallel-plate capacitor 
(step c). On top of the aluminum, a composite metal thin film (Cr/Pt/Cr) is deposited and 
patterned to form a conducting plate with perforation holes (step d). 

Another layer of polyimide is deposited and patterned, with proper registration to 
the perforated electrode plate below (stage e). Next, a layer of chromium is deposited on 
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FIGURE 4.11 
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the backside of the wafer and patterned. The chromium layer provides sufficient selectivity 
during the subsequent deep reactive ion etching, which etches through the backside of the 
wafer, exposing the backside of the first Cr/Pt/Cr composite layer (step f). The aluminum 
sacrificial layer is then etched away, resulting in a finished device (step g). 

In the finished device, the diaphragm exhibits a tensile intrinsic stress of 20 MPa, 
which is ideal for keeping the diaphragm flat. The thickness of the diaphragm is 1.1 wm, 
whereas the thickness of the backplate is 15 wm. The gap of the capacitor is 3.6 wm. The 
size of the membrane is 2.2 mm by 2.2 mm, with the size of acoustic holes and the spacing 
between them being 30 Xx 30 um? and 80 um, respectively. 

Circuit features include a Dickson type dc-dc voltage converter and a MOS buffer 
amplifier. The voltage converter is a charge pump in which charges are built up at the out- 
put by a two-phase oscillator. The voltage converter yielded an output voltage of 14.3 V for 
a supply voltage of 1.9 V. The integrated microphone has a sensitivity of 29 mV/Pa for a 
supply voltage of 1.9 V and a bandwidth of 27 kHz. 

Alternatively, capacitive sensors for pressure and acoustics signals have also been 
made using surface micromachining processes in the past (e.g., reference [37]). 


Flow Sensor 


Flow sensors broadly encompass devices for measuring point fluid speed, volume flow rate, 
shear stress at the wall, and pressure. Micro integrated flow sensors have been an area of active 
research since the early days of MEMS field. Micromachined flow sensors offer the following 
advantages: (1) small size and less disturbance to the flow field of interest; (2) high sensitivity 
stemming from compliant mechanical elements or circuit integration; and (3) potential for 
achieving large array of sensors with uniform performance. I will focus on discussing a fluid 
shear stress sensor in Case 4.5. 


~ 
Ç Case 4.5 Capacitive Boundary-Layer Shear Stress Sensor 


Fluid flowing past a solid surface introduces a boundary layer, inside which the flow veloc- 
ity is reduced. Inside the boundary layer, the velocity varies with the distance to the wall 
surface (y). The shear stress is defined as the velocity gradient at the boundary multiplied 
by the viscosity of the fluid: 
du 
Ty = Bia (4.21) 
The term p is the dynamic viscosity with the unit being kg/(m-s). 
Shear stress sensors reveal critical fluid flow conditions at the bottom of the bound- 
ary flow, which are difficult to measure conventionally. The area integral of shear stress 
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produces drag force. The shear stress information can be used for active control of turbu- 
lent flow field, for actively monitoring fluid drag, and for achieving drag reduction. 

Techniques for measuring fluid shear stress fall into two categories: direct measurement 
and indirect measurement. Two popular techniques are the hot-wire/hot-film anemometer 
(indirect measurement) and the floating-element technique (direct measurement). 

A floating-element shear stress sensor was the first MEMS shear stress sensor de- 
veloped [38]. The floating element shear stress sensor determines the magnitude of local 
shear stress directly by measuring the drag force it experiences. As shown in Figure 4.12, a 
suspended floating element is flush mounted on the surface of a wall. The displacement of 
the floating element due to the shear force (drag force) acting on the plate is transduced 
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FIGURE 4.12 


A floating element shear stress sensor. 
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into plate displacement, which can be measured by a variety of techniques, including elec- 
trostatics (discussed here), piezoresistivity (Chapter 6), piezoelectricity (Chapter 7), and 
optical sensing. 

The capacitive floating element consists of a plate (with area of Wo times Lo), sus- 
pended by four fixed-guided cantilevers, each with a length, width, and thickness of L4, w1, 
and t,, respectively. The plate is assumed to be a rigid body. A distributed drag force is 
applied on the element as well as on the cantilevers. 

Under a given flow shear stress 7,,, a distributed force P acting on the floating plate 
and a distributed force g (N/m) on the four fixed-guided beams are given as 


il 
P= 3 TwWoLo, (4.22) 


and 
q = TW. (4.23) 


To estimate the total displacement, we assume a force of P/4 applied as a point load at 
the guided end of one fixed-guided beam, along with a distributed load. The total dis- 
placement, under the combined forces, is a linear summation of displacements under 
each applied force. 

The electronics detection uses a differential capacitance readout scheme. Three passi- 
vated electrodes are located on the surface of the wafer underneath the element and a thin 
conductor is embedded in the polyimide. The coupled capacitances between the drive elec- 
trode in the center and the two symmetrically placed sense electrodes are modified by 
motion of the floating element. This change in capacitance is transduced by connecting the 
sense electrodes to a pair of matched depletion-mode MOSFET’s on chip. (Fringe capaci- 
tances are ignored in the analysis.) The drive voltage Vy is coupled to the plate (V,) 
through Cap. The sense capacitance Cpsı and Cps2 vary linearly with deflection of the plate, 
6, according to 


ô 
Cost = Cpa ae | (4.24) 

ô 
Cps2 T Cpso Ila fW, (4.25) 

The expression of the output voltage is given by 
Cyst Cps2 

Vy -— Vz = = 4.26 
s 2 l= aig Csp Cps2 ala = 4 ( ) 


The formula can be expanded and re-arranged to reveal a linear relation between the out- 
put voltage and the displacement, 


EN é 
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The fabrication process for the device begins from a silicon wafer with MOS circuits already 
defined. The entire wafer is passivated with 750-nm-thick atmospheric chemical vapor depo- 
sition of silicon dioxide and a 1-um polyimide layer (Dupont 2545). The polyimide is added 
between the passivated electrodes and the sacrificial layer to eliminate stress cracking in the 
silicon dioxide layer. A 3-wm-thick aluminum layer is evaporated as the sacrificial layer. It is 
patterned photolithographically. A 1-um-thick polyimide layer is coated again and cured. 
This is followed by the evaporation of a 30-nm thick chromium layer, which serves as the 
floating electrode. A 30-um-thick polyimide layer is applied in seven coating steps. A layer of 
aluminum is deposited on the top layer and serves as a mask for etching the polyimide to de- 
fine the plate and the cantilever. The undercut is 6 um corresponding to a 30 wm deep etch- 
ing. The aluminum is removed using a mixture of phosphoric acid, acetic acid, nitric acid, and 
water. It takes approximately 2 h to completely release a 500 um by 500 um floating element. 

Each support beam is 1 mm long, 10 um wide, and 30 um thick. The Young’s modulus 
of the polyimide is 4 GPa. The cantilevers are loaded in axial tensile stress due to the resid- 
ual stress in the polyimide plate. Detailed fluid mechanics characterization is performed to 
demonstrate a 52 wV/Pa sensitivity, 40 dB above the expected noise floor. 


Tactile Sensor 


Another application of parallel capacitive sensors is tactile sensors [39], which are critical com- 
ponents for robotics applications. In order to accurately measure tactile information, the sen- 
sors must have high density of integration and high sensitivity, preferably in multiple axes. 
MEMS technology provides the basis for miniaturization and functional integration. In Case 4.6, 
a tactile sensor capable of measuring force input in multiple axes is discussed. This device uses 
multiple electrodes and capacitors. 


( X 
{ = Case4.6 Multiaxis Capacitive Tactile Sensor 


In this case, a compact sensor capable of measuring normal contact and shear contact in 
two axes was made [39]. A parallel-plate capacitor is formed by bonding a silicon wafer 
with a glass one (Figure 4.13). One piece consists of a cone-shaped silicon mesa suspended 
by a circular silicon membrane with a thickness of t and a radius of a. The glass piece con- 
sists of a recessed region in which electrodes are patterned. Four electrodes, each with an 
area of L?, are arranged in a quad configuration. Four capacitors are formed, between the 
four electrodes and the suspended plate. These are denoted C4 through C4. 

If a normal force is applied perpendicular to the substrate, the distance between the 
movable mass and the bottom electrodes is reduced uniformly for all four capacitors. The 
capacitance change is related to the displacement by 


Er EQ Ee 


Ac=— 


Ad. (4.28) 
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However, if a shear force is applied to induce rotational movement of the silicon mass, the 
changes of capacitance for the four capacitors will be different. Two capacitances increase 
while the other two decrease, with almost the same degree of change. Under a tilting angle 
0, the total capacitance of the tilted plate capacitor is estimated as 


Eeo L? 


Co EROE 


(4.29) 
The processing of the silicon part began with a standard p-type <100> silicon wafer, which is 
polished on both sides (Figure 4.14a). All standard IC processes were performed on the front 
side. First, a buried n-type layer (3.5 um deep) was formed by doping. Then a 6-um-thick 
n-type epitaxial silicon layer was grown (Figure 4.14b). The buried n type layer and the epi- 
taxial layer constitute the thickness of a flexible membrane. A deep p-type diffusion doping 
is performed to electrically isolate each capacitor electrodes (not shown). A composite 
layer of silicon oxide followed by silicon nitride is grown on both sides. The silicon nitride 
and oxide on the backside is patterned to serve as an etch mask for wet anisotropic etching 
(Figure 4.14d). After the etching, a contact pad on top of a membrane is formed by 
anisotropic silicon wet etch (Figure 4.14e). The silicon nitride and oxide layers are then re- 
moved using wet chemical etchants. The silicon wafer is then bonded to a glass wafer, which 
consists of a recessed region (3 um deep) with patterned electrodes on the bottom. Anodic 
bonding is achieved at 400°C with a voltage bias of 1000-1200 V. 
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The sensor output with respect to applied calibration forces has been characterized. 
In the range of 0 to 1 gram, normal forces causes a capacitance change of 0.13 pF, whereas 
shear forces causes a differential capacitance of 0.32 pE The capacitance change is linearly 
proportional to the calibration force within this range. 


Parallel-Plate Actuators 


Parallel-plate capacitors can be used for micro actuation. Most common applications involve 
linear displacement vertical to the plane of electrodes or rotational displacement. When de- 
signing an electrostatic micro actuator, it is important to keep in mind the tradeoff between the 
range of movement and the available force. The amount of displacement that can be achieved 
with a parallel-plate capacitive actuator is limited by the initial gap spacing. Increasing the ini- 
tial spacing allows longer range movement but limits the magnitude of forces. Examples of such 
actuators used for optical applications are discussed in Chapter 15. 
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The operation principle of scratch drive actuators. 


Parallel-plate actuators have been used to achieve long-range, in plane movement, for exam- 
ple by employing a device called the scratch drive actuator (SDA) [40-42]. The principle of the 
SDA is shown in Figure 4.15. Each SDA consists of a parallel plate with a bushing along one edge. 
Under no applied voltage bias, the parallel plate is parallel to the substrate. When a bias voltage is 
applied, one edge of the parallel plate will contact the substrate first (Figure 4.15). As the bias volt- 
age gradually increases, the contact area between the top plate and the bottom substrate increases. 
This is often referred as a “zipping” motion (Figure 4.15). As the zipping motion progresses to- 
wards the edge with the bushing, the bushing is forced to rotate and “skids” when the lateral force 
caused by the zipping motion exceeds the friction force. Upon the removal of the bias voltage, the 
parallel-plate capacitor returns to the horizontal plane, but the plate travels by a small in-plane in- 
crement, anchored by the landed bushing. Rapid succession of periodic actuation causes the 
scratch drive to achieve high-speed linear displacement. Velocities of SDA drives can reach 
80 um/s at 1000 kHz activation frequency, with the speed linearly proportional to the frequency at 
lower range. The linear output force of SDA is known to increase significantly, form 10 uN to 
60 uN, when the voltage peak increases from 68 to 112 V. The maximum output force of SDA may 
reach 100 uN [41]. Using a series of SDA actuators harnessed to a translational stages or rotary de- 
vices, researchers have been able to achieve continuous rotating motors [43] (Figure 4.15). 

In the third stage of the SDA actuation, large angular displacement is manifested at the 
end with bushing. Electrostatic drives with zipping motion is capable of generating large an- 
gular displacement in this fashion. This capability is useful for generating large, off-substrate 
angular displacement [44]. (See Chapter 15 for additional discussions.) 


INTERDIGITATED FINGER CAPACITORS 


While parallel-plate capacitors generate sensing and actuation across planar electrodes facing 
each other, a different class of capacitors take advantage of capacitance generated from sidewalls 
of electrodes. Such capacitors provide alternative fabrication and operation modes compared 
with parallel-plate capacitors. They involve interdigitated fingers (IDT) to increase the edge cou- 
pling length (Figure 4.16) [45]. Two sets of electrodes are placed in the same plane parallel to the 
substrate. Generally, one set of finger-like electrode is fixed on chip while a second set is sus- 
pended and free to move in one or more axes. Since the interdigitated fingers are shaped like 
tooth of combs, such configuration is commonly referred to as the comb-drive device. 
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FIGURE 4.16 


Perspective view of comb-drive sensors and actuators. 


In a generic configuration (Figure 4.16), two sets of fingers are in the same plane and their 
comb fingers are engaged with an overlapping distance of lọ. The length of the fingers is de- 
noted L.. For simplicity, I assume the fingers in both sets have identical thickness (t) and width 
(w,). The distance between a fixed comb finger and an immediately neighboring movable fin- 
ger is d. The thickness of fingers corresponds to that of the conductive thin film. 

The capacitance between a pair of electrode fingers is contributed by vertical surfaces of 
the fingers in the overlapped region, as well as by fringe capacitance fields. Capacitances de- 
rived from multiple finger pairs are connected in parallel. Hence the total capacitance is a sum- 
mation of capacitance contributed by neighboring fingers. 

Opposite walls of comb fingers in the overlapped region form a parallel-plate capacitor 
and contribute a capacitance C (Figure 4.16). The magnitude of C between two immediate 
neighboring fingers is 

C= se (4.30) 
d 

When designing a comb-drive capacitor, the thickness źt and the distance d are highly 
process relevant. The greater the thickness, the larger the capacitance effects. However, there 
are different preferred methods for realizing desired thickness (see Chapter 12). The distance 
between gaps should be as small as possible. However, it is determined by the ultimate lithog- 
raphy resolution. 
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The processing and design terms interact with each other. Since the thickness of the beam 
is likely the same as the thickness of the mass, a thicker beam translate into a greater mass. 
Often thick electrodes are made by using dry silicon etching, which is inevitably associated with 
undercuts. Hence there is inherent conflict when trying to reach deep trench (large t) and small 
gap (low d) at the same time. 

The fringe capacitance, Cy, is difficult to estimate analytically [46]. The most accurate way 
to estimate the fringe capacitance is by using finite element method (FEM) [47] (Figure 4.17). 
A simplistic way to estimate the fringe capacitance is to assume it is a fixed fraction of the ca- 
pacitance developed in the overlapped regions [48]; however, this is not entirely accurate and 
only suitable for first-order analysis. When dealing with homework problems in this text, the 
fringe capacitance should be ignored. 

Two types of comb-drive devices are commonly encountered, depending on the relative 
movement of two sets of comb fingers allowed by their mechanical suspensions. The first is a 
transverse comb-drive device, as shown in Figure 4.18. The set of free fingers moves in a direc- 
tion perpendicular to the longitudinal axis of comb fingers. Accelerometers for automotive 
airbag deployment made by Analog Devices Corp. use transverse comb-drive configurations 
(see Chapter 1). 

Let us focus on a single fixed finger and its two neighboring moving fingers. According to 
the analysis earlier, there are two major capacitances associated with each finger pair, one to 
the left-hand side of the finger, called C,;, and one to the right-hand side, called C,,. At rest, the 
values of these two capacitances are 

Eqlot 


Cu = Cop = (4.31) 


When the free finger moves by a distance of x, the capacitance values of these two capacitors 
become 


lot 

jo (4.32) 
Xy — xX 

Eqlot 
=e 4.33 
Cn (4.33) 

The total value of capacitance is 

Ctot = Cy ay Ce + Cy. (4.34) 


When the transverse comb is used as a sensor, the displacement sensitivity (S,) can be obtained 
by taking the derivative of C;,,; with respect to x, namely 
= ICtot 


S 
k Ox 


(4.35) 


If the transverse comb drive is used as an actuator, the magnitude of the force can be calculated 
by taking a derivative of the total stored energy with respect to x, 


ðU afl 2 
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FIGURE 4.17 
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Schematics of (a) a comb drive, (b) a transverse comb drive and (c) a longitudinal comb drive. 
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A second type of comb-drive device is called the longitudinal comb drive (Figure 4.18c). 
The direction of relative movement is along the longitudinal axis of the fingers, allowable by 
the suspension. With a lateral movement (y), the capacitances associated with a single finger 
changes to 


£o(lo — y)t 
Xo 


Cy E Cor = 


The displacement sensitivity can be obtained by taking the derivative of Crot with respect 
to y, 
_ 2Co 
dy ` 
There are many variations to the basic comb-drive design. The sensing and actuation character- 
istics are strongly influenced by mechanical supports connected to the set of fingers. For exam- 
ple, the design of flexural suspensions can be optimized to generate large deformation while 
minimizing stress concentration [49]. 

Coplanar transverse and longitudinal comb drives are prevalent in MEMS. However, there 
are many different configurations and geometries of comb-drive capacitors that deviate from 
these two major configurations. Some comb drives are designed to produce vertical displacement, 
even when they initially reside in the same plane. This is achieved by taking advantage of the 
fringe capacitance fields [6]. This levitation force is rather small but can be useful for applications 
such as optical phase tuning. Reflective surfaces only need to be moved by up to one wavelength. 

Comb fingers that do not reside in a common plane initially can be used to create out of 
plane forces or moments. The out-of-plane arrangement of comb fingers can be achieved 
through novel fabrication sequences or by using intrinsic-stress induced bending to lift one set 
of in-plane fingers angularly [50, 51]. For example, an optical modulator capable of 1.8 um dis- 
placement has been made with 15 V driving voltage [52]. 

Nearly all existing comb fingers have large length-to-width aspect ratio and appear rec- 
tangular viewed from the top or side. Alternative profiles are possible. Comb-drive fingers with 
curved profiles (e.g., [53]) can provide important benefits such as maximum force, increased lin- 
earity, or tailored force-displacement profiles [54]. 


S 


: (4.37) 


APPLICATIONS OF COMB-DRIVE DEVICES 


Comb-drive devices can be used in a variety of sensing and actuation applications. Comb-drive 
acceleration sensors and linear actuators are discussed below. 


Inertia Sensors 


Inertia sensors based on comb drives can be realized in a variety of ways. After all, one of the 
most classical MEMS sensors, the Analog Devices ADXL accelerometers, is based on coplanar 
transverse comb-drive fingers. The original ADXL accelerometer measures acceleration in 
only one in-plane axis. An acceleration sensor with a different sensitive axis, one pointing per- 
pendicular to the substrate, is reviewed in Case 4.7. It utilizes movement of fingers in the verti- 
cal direction of the substrate. 
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( 2 
E Example 4.4 Sensitivity of Accelerometer 


A surface micromachined accelerometer is shown in Figure 4.19. The proof mass is supported 
by two cantilevers with length L, width w, and thickness t. The comb fingers have overlapped 
length of lọ, thickness of t, and spacing of d. What is the sensitive axis of the sensor? Derive an 
expression for the acceleration sensitivity (the change of capacitance as a function of applied 
acceleration). 


Solution. The proof-mass would experience strong resistance to movement in the y direction 
because it would in the longitudinal direction of the support beams. 

The support cantilevers is wider than its thickness. Therefore the resistance to movement 
in x axis is greater than the resistance in z axis. The sensor is most sensitive to acceleration 
along the z axis. The deformed shape of the sensor is shown in Figure 4.20. 
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FIGURE 4.19 


An accelerometer with sensitive axis normal to the substrate plane. 
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FIGURE 4.20 


Profile sensor when deformed. 
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The mass of the proof-mass is made up of two parts: the proof mass shuttle and comb fingers. 
The force constant associated with the mass is twice that of each individual fixed-guided 
cantilever. The overall force constant is 
12EI 
L” 


k=2x 


The total capacitance at rest is contributed by 8 fixed electrodes and therefore 16 vertical wall 
capacitors. The value of the total capacitance is 


Ci) = (2), 


The displacement in z axis, z, causes the effective thickness (t) to change. Upon a displacement 
z, the capacitance becomes 


C() = 1o{ Soo = 2), 


where the vertical displacement z is a function of the applied acceleration a 
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‘ Æ Case 4.7 Comb-Drive Accelerometer 


A vertical comb acceleration sensor has been made, where an inertia mass is connected to 
anchor frames by two torsional bars [55] (Figure 4.21). The transduction principle is similar 
to that of Case 4.2, except for the major difference of electrode configurations. In Case 4.2, 
a parallel capacitor is formed between the moving mass and the substrate. In this case, two 
sets of comb fingers that move out of plane with respect to each other are used (Figure 4.21). 
A change in capacitance is caused by the variation in the interelectrode overlap area. 

For small angle displacement, the change in capacitance under an angular displace- 
ment 0 is given by 


ne,lp 
AC= ym an l0, (4.38) 
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FIGURE 4.21 


Torsional acceleration sensor. 


where lm, ls d, and n are the length of the inertia mass, the length of the sensing finger, the 
gap distance, and the number of sense fingers. The rotational angle is related to the torque 
M by the expression 


Mlmlp 
f= a 5 
4aGtw? 


(4.39) 


where a and N are the acceleration and a correctional factor (0.281) accounting for the rec- 
tangular cross section of the torsion beam. The length, width, and thickness of the torsional 
beams are lp, wp, and t, respectively. 

The fabrication process for the device is comparably simple when there is no require- 
ment for IC integration. A process for prototyping is illustrated in Figure 4.22. The silicon 
wafer is heavily doped by boron to a depth of 12 wm (Figure 4.22a), which corresponds to the 
thickness of the top electrode plates. Electroplated nickel is used (not shown) to mask against 
a deep reactive ion etching through the deeply doped region to define the fingers and mass 
(Figure 4.22b). A piece of glass is etched to make a cavity in a selective region (Figure 4.22d). 
The silicon wafer and the glass are bonded (Figure 4.22e). The undoped silicon layer is dis- 
solved in silicon wet etchants (Figure 4.22f). The etching solution does not attack the deeply 
doped silicon and the glass significantly. A recessed cavity below the bank of moving comb 
fingers allows larger range of finger displacement and reduced aerodynamic damping. 

Compared with parallel-plate capacitors, the capacitance between two neighboring 
set of fingers are relatively small. However, one can achieve large capacitance and force by 
increasing the number of comb pairs. The sensor is tested using a switched capacitance in- 
tegrated circuit with a gain of 15 mV/fF. The sensitivity of the device is 300 mV/g. 
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FIGURE 4.22 


Fabrication process of torsional acceleration sensor. 


4.5.2 Actuators 
Comb-drive actuators are frequently used for generating in-plane or out-of-plane displace- 
ment. The amplitude of displacement under DC or quasi-static biasing is always rather limited. 
Here, we review one classic case (Case 4.8), where large rotational (or linear displacement) is 
generated from resonant actuation and mechanical gear engagement. 


( X 
í Æ Case4.8 Comb-Drive Actuator with Large Displacement 


The displacement achievable in a comb drive is rather limited, whether it is based on longitu- 
dinal or transverse combs. However, larger displacement of mechanical elements can be real- 
ized using a number of designs. For example, comb drives with limited travel range can be used 
to achieve large angular or linear displacement if the motion of comb fingers are coupled to an 


4.5 Applications of Comb-Drive Devices 167 


object through stick-and-release mechanisms or gears. A number of strategies, including ones 
that do not use electrostatic actuation principle, are reviewed in Section 15.3.1. 

I will examine a gear train mechanism made by researchers at the Sandia National 
Laboratories (Figure 4.23). The gear train receives driving power from two sets of lateral 
comb drivers, labeled resonator 1 and resonator 2. Resonator 1 and resonator 2 each con- 
sists of lateral comb fingers connected in parallel to increase force output. Resonator 1 and 
2 drive the gear A in y and x directions, respectively. The movement in x and y axes are 
phase locked, so that gear A follows an elliptical path. Gear A therefore engages gear B in- 
termittently, causing gear B to continuously rotate in one direction. The motion of the gear 
B is further translated through the gear train to achieve linear movement of a linear slider. 
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FIGURE 4.23 


A micromachined gear movement mechanism. 
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SUMMARY 


This chapter is dedicated to electrostatic sensing and actuation. The following is a list of major 
concepts, facts, and skills associated with this chapter. A reader can use this list to test related 
understanding. 


PROBLEMS 


Qualitative Understanding and Concepts: 


Two types of capacitive electrode configuration. 


Formula for estimating the capacitance and force between two parallel-plate capacitor 
plates. 


The definition of the pull-in effect. 


The implication of the pull-in effect on the operational characteristics of parallel-plate 
capacitors. 


Different configurations of interdigitated finger capacitors and their relative pros 
and cons in terms of maximum displacement, linear/angular displacement, and force 
output. 


Principles of electrostatic sensing and actuation devices. 
Quantitative Understanding and Skills: 


Procedures for correctly calculating the spring constants affiliated with a mass. 


Procedures for calculating the equilibrium position between two parallel capacitor plates 
when one of them is suspended by a mechanical spring support. 


Procedure for estimating the pull-in voltage and pull-in distance. 


SECTION 4.2.1 


Problem 1: Design 


A parallel-plate capacitor has an area of 100 x 100 m7. Calculate the capacitance values for two dis- 
tances between the electrode plates: 1 and 0.5 um. The medium is air. 


Problem 2: Design 


Two parallel capacitor plates have an area of 1 mm? and a spacing of 1 wm (air gap). One is fixed and an- 
other is suspended by a mechanical spring with a force constant of 1 N/m. What is the capacitance value 
(Co) when no voltage is applied between the two plates? 


1. 
2. Co = 8.85 x 10° f 
3. 

4. Co=0f 


Co = 8.85 X 10° f 


Co = 8.85 X 10™% f 
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SECTION 4.2.2 
Problem 3: Design 


For a cantilever beam with length /, width w and thickness f, which one of the following is NOT true if the 
beam dimensions (length, width and thickness) are each reduced by 1000 times? 

1. Reduced force constant and more flexible beam 

2. Increased resonant frequency 

3. Reduced fracture toughness 

4. Increased surface area/volume ratio 


Problem 4: Design 


A parallel-plate capacitor with four silicon support beams is shown below. The top plate has area of 
1 X 1 mm?. The four support beams are each 500 um long, 5 wm wide, and 0.3 um in thickness. What is the 
force constant K,, experienced by the parallel-plate capacitor? (diagram not drawn to scale). The Young’s 
modulus of silicon is 120 GPa. 


— 


0.1 N/m 
0.4 N/m 
0.00013 N/m 
0.00052 N/m 
0.00003 N/m 


SECTION 4.2.3 


Gia oe Ne 


Problem 5: Design 


If the support beams as in Problem 4 becomes 0.25 mm long (i.e., half as long as before), which of the 
following statement would be correct? 


1. The pull-in voltage would increase by four times 


2. The plate would pull in when the displacement of the beam exceeds xọ/6 instead 


170 


Chapter 4 Electrostatic Sensing and Actuation 


3. The electric force constant (kọ) at the pull-in point will be increased by 8 times 


4. The resonant frequency of the device will decrease 


Problem 6: Design 


According to conditions given in Problem 4, under a bias voltage of 0.3 volt, what is the distance between 
the two plates? The original spacing between the two plates is 1 um. 


SECTION 4.3 
Problem 7: Design 


For the silicon oxide cantilever described in Case 4.1, calculate the resonant frequency of the cantilever if 
the metal thin film on the silicon oxide is ignored. Compare the results to the published resonant frequency. 
Problem 8: Review 

For the sensor discussed in Case 4.1, determine the sensitivity with respect to minimal tip displacement at 
the free end of the cantilever. 

Problem 9: Design 


Consider the silicon oxide/metal composite cantilever described in Case 4.1 at rest (zero bias voltage). The 
bending due to intrinsic stress results in an elevation difference of 6(x) measured at two ends of the beam. 
The bent beam assumes the shape of a curve with a radius of curvature of R, with the angle at the end of the 
cantilever being 1.5°. Derive an expression for the total capacitance between the beam and the substrate. 
Problem 10: Fabrication 


For the fabrication process of the silicon oxide cantilever described in Case 4.1, find the etch rate of the 
silicon anisotropic etchant used in step j on single crystal silicon and the oxide. Assuming the etchant is 
KOH, identify all materials that are exposed and vulnerable to the silicon etchant. Use the table in [56]. 
Problem 11: Design 


Estimate the area of the bottom electrode in Case 4.2, assuming the fringe capacitance can be ignored. 


Problem 12: Design 

Use information given in Case 4.2, find the maximum vertical displacement of the torsion plate under an 
acceleration of 1 g. (Hint: Use torsional bar displacement analysis.) 

Problem 13: Design 


Explain the origin of sensitivity to temperature for the acceleration sensor discussed in Case 4.1. 


Problem 14: Review 


The pressure sensor in Case 4.3 has a membrane with a diameter of 1 mm. Use information given in the 
process flow to calculate the precise spacing between the two electrodes, accurate to within 5%. Find the 
nominal value of the capacitance. 


Problem 15: Review 


Refer to Problem 14, build a spreadsheet to calculate the relative cost of materials and processing, taking 
into account human labor hours for material preparation, processing, and lithography, raw materials (such 
as silicon wafers, etc). Form a group of 3—4 students and finish this assignment as a group. 
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Problem 16: Design 

In the device discussed in Case 4.4, what is the nominal capacitance value of the capacitor? What is the im- 
plication for performance and fabrication if the area of the capacitor is increased? 

Problem 17: Design 


For the shear stress sensor device in Case 4.5, derive an analytical expression of the displacement d under 
a given shear stress, if the distributed drag force on the cantilevers are ignored. In other words, consider 
only the drag force on the floating plate. Based on the expression, identify three key strategies for in- 
creasing the sensitivity. Discuss the impact on fabrication associated with each strategy. 


Problem 18: Design 


Derive Equation 4.28 and Equation 4.29 of the tactile sensor operation discussed in Case 4.6. 


Problem 19: Fabrication 

For the fabrication process of the silicon oxide cantilever described in Case 4.1, which process steps need 
to be changed if the desired material of the cantilever is silicon nitride by low pressure chemical vapor de- 
position? What would be the companion etching method in those steps affected? 

Problem 20: Fabrication 


Form a group of three or four students, discuss an alternative method of forming an integrated chamber 
sealed under vacuum (very low pressure, for example 100 mTorr) using a microfabrication process. Dis- 
cuss how this particular method may be used for making a pressure sensor with vacuum reference similar 
to the one in Case 4.3. 

Problem 21: Fabrication 


In step n of the process for realizing the device discussed in Case 4.3, discuss the etch selectivity of the 
etchant used to dissolve the silicon wafer on all materials that are exposed to it. Discuss potential precau- 
tions for the process and at least one point for improving the process robustness. 

Problem 22: Fabrication 

In step g of the fabrication process of the microphone of Case 4.4, discuss the etch rate selectivity between 
the etchant and all other materials that are exposed to it directly. 

Problem 23: Challenge 


Discuss how one can design a practical electrostatic actuator to reach the second, infrequently used equi- 
librium position given both graphically in Figure 4.4 and analytically byEquation 4.11. 


SECTION 4.4 
Problem 24: Design 


Derive the analytical expression of capacitive sensitivity with respect to changes in x for the transverse 
comb-drive device. For simplicity, ignore the fringe capacitance. Discuss at least two strategies for increas- 
ing the sensitivity. 


Problem 25: Design 


Derive an analytical expression of capacitive sensitivity with respect to changes in the overlapped distance 
lọ for the longitudinal comb-drive device. Discuss at least two strategies for increasing the sensitivity. 
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Challenges 


Problem 26: Challenge 


Design a XY-translational platform with an area of 200 um by 200 um, capable of independent displace- 
ment of 5 um in both axes. The voltage required should be minimized. For a team of 3 to 4 students, and 
come up with (1) analytical design; (2) device layout; (3) fabrication process for such a device. 


Problem 27: Challenge 
Repeat Problem 26, this time try to limit the driving voltage to below 36 V. 


Problem 28: Challenge 


Repeat Problem 26, this time assuming that 6 conducting wires must be connected to devices located on 
the platform for sensing and actuation. For example, the conducting wires may be used to address nano- 
lithography tips on the platform. The conducting wires will complicate the mechanical beam design, if the 
wires run along the mechanical suspension. 


Problem 29: Challenge 


XY-axes translation stages are widely used for alignment and scanning. Let’s examine issues related to 
building an on-chip XY translation stage for in-plane scanning. It is desired to move a shutter plate with a 
size of 2 mm by 2 mm in in-plane XY directions. An electrostatic actuator is used to move a silicon shuttle 
plate by 10 um under a bias voltage of lower than or equal to 200 V. Assume the comb drives and suspen- 
sions are made in 500-um-thick silicon wafer using deep reactive ion etching processing, and the minimal 
linewidth and spacing is 5 mm. Find whether a practical design can be reached to allow sufficient force, 
force constant, and resonance frequency (100 Hz). 
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CHAPTER 5 


Thermal Sensing and Actuation 


PREVIEW 


This chapter investigates design, materials, and fabrication issues pertaining to the develop- 
ment of micromachined thermal sensors and actuators. Thermal sensors have two connotations: 
(1) sensors for measuring thermal properties such as temperature and heat; and (2) sensors 
based on thermal transfer principles. General thermal transfer principles are discussed in Sec- 
tion 5.1. Section 5.2 is devoted to sensors and actuators based on thermal expansion of materi- 
als. More specifically, we will focus on sensors and actuators based on the thermal bimorph 
configuration, and actuators based on thermal expansion of structures made of a single mater- 
ial. In Sections 5.3 and 5.4, two mechanisms for temperature sensing are discussed—thermal 
couples and resistive temperature sensors (or thermal resistors). Finally, we review a number of 
thermal sensor applications in Section 5.5. 


INTRODUCTION 
Thermal Sensors 


The measurement of temperature and heat is widely practiced and can be achieved using 
many different principles. This chapter focuses on discussing just a handful of principles 
that are most widely used in and unique to the MEMS field. These include: (1) thermal bi- 
morph sensors (Section 2); (2) thermal couples (Section 3); and (3) thermal resistive sensors 
(Section 4). 

Temperature sensing is not only useful for analysis of thermal behavior. The thermal 
transfer process—through conduction, convection, or radiation, depends on certain physical 
variables, such as the spacing between objects, travel velocity of media, and the properties of 
materials and media. Many measurement tasks can be achieved, including the sensing of dis- 
tance [1], acceleration [2], flow speed [3], and materials characteristics [4]. 
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Thermal Actuators 


Actuation of microscale devices and structures can be achieved by injecting or removing heat. 
Changes in temperature profile in turn result in mechanical displacement or force output, 
through thermal expansion [5], contraction, or phase change. The temperature of a microstruc- 
ture can be raised by absorption of electromagnetic waves (including light), ohmic heating 
(joule heating), conduction, and convection heating. Cooling can be achieved via conduction 
dissipation, convection dissipation, radiation dissipation, and active thermoelectric cooling. 

Thermal actuation is used in commercial MEMS products. Many ink jet printers today 
eject ink droplets using thermal expansion of liquid inks. A schematic diagram of a single ther- 
mal ink jet printer nozzle is shown in Figure 5.1. It consists of a micromachined fluid chamber 
with an opening. A micro heater is embedded on the substrate within the cavity. A pulse of elec- 
trical current raises the temperature of the heater and produces a vapor bubble that squeezes 
the liquid ink and ejects a droplet. Upon cooling, the vapor bubble collapses and the cavity is 
refilled with ink again for next firing. 

Due to the use of microfabrication method, the volume of ink and the thermal mass asso- 
ciated with the ink are small. The heating and cooling of the fluid can be performed at high 
speed. For many commercial ink cartridges, it takes 1 us or less for the vapor bubble to initiate, 
and 15 ys for the ink to be ejected. The refill of the cavity takes approximately 24 us. 

The successful design of a reliable ink jet nozzle involves electrical, mechanical, and ther- 
mal aspects. For example, the peak pressure within the cavity can reach 14 ATM, with the peak 
temperature at the surface around 330°C. Both the positive and negative (cavitation) pressures 
are so intense that they can cause cracking of material layers over time. This warrants special 
design considerations. In order to eliminate cracking stemming form repeated thermal expan- 
sion and contraction, the heater is engineered from a proprietary metal oxide material that has 
a thermal expansion coefficient of nearly zero. 


Fundamentals of Thermal Transfer 


Temperature is manifested at the microscale by the vigorousness of atomic vibration. Heat 
transfer occurs whenever a temperature gradient is present in a material. Successful design of 
thermal actuators and sensors require familiarity with heat transfer processes. 


ejected ink 


tal tal | 
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FIGURE 5.1 


The principle of ink ejection. 
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There are four possible mechanisms for heat to move from one point to another: 


1. Thermal conduction is the transfer of heat through a solid media in the presence of a tem- 
perature gradient. 

2. Natural (passive) thermal convection is the transfer of heat from a surface into a station- 
ary body of fluid. A temperature gradient in a fluid induces local flow movement through 
buoyancy. The movement of fluid mass facilitates heat transfer. 

3. Forced thermal convection is the transfer of heat to a body of moving fluid. The bulk fluid 
movement provides enhanced heat transfer compared with that of natural convection. 

4. Radiation represents the loss or gain of heat through electromagnetic radiation propagat- 
ing in vacuum or air. 


The governing equations relating the heat transfer rate and the temperature gradient for the 
four heat transfer mechanisms are 


dT 
Conduction: deond = ~k—— (5.1) 
dx 
Natural and forced convection: qéony = A(T; — Too) (5.2) 
Radiation: E = eo T$ (5.3) 


In these equations, q% na is conduction heat flux (W/m?) along a given axis (designated x), 
k the thermal conductivity, qéony the convection heat flux (W/m®, h the convective heat 
transfer coefficient (W/m?K), T, and Tæ the temperatures of the surface and fluid, respec- 
tively, E the emissive power, or the rate at which energy is released per unit area by radia- 
tion (W/m°), Tg the absolute temperature (K) of a surface, ø the Stefan-Boltzmann constant 
(o = 5.67 X 10 °W/(m’K")), and e the radiative emissivity (with values in the range 
O0O<e<1). 

The convective heat transfer coefficient is influenced by surface geometries, fluid velocity, 
viscosity, and thermal diffusivity. Typical values of the convective heat transfer coefficients are 
summarized in Table 5.1. 

These four heat transfer principles can be found everywhere in daily lives. Let’s examine 
heat flow pathways associated with the case of boiling a pot of water on an electric stove. Heat is 
generated at the heating coil by passing current and is eventually lost to the ambient background, 


TABLE 5.1 ‘Typical values of convection transfer coefficients. 


h(Wim?- k) 
Natural convection Gases 2-25 
Liquids 50-1000 
Forced convection Gases 25-250 
Liquids 100-20,000 
Convection with phase change 2500-100,000 
(boiling or condensation) 
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which is assumed to be at a constant room temperature. Major heat transfer pathways and the di- 
rection of heat flux are identified by arrows (Figure 5.2). 

The heat produced by the heating coil first travels through the walls of the pot to reach 
the body of water inside. Heat transfer occurs within the thickness of the wall via thermal con- 
duction. Once the heat reaches the interior wall of the pot, heat transfer to the liquid within be- 
gins. The liquid mass closest to the wall warms up and begins to rise, setting up a natural 
convection, which brings heat away from the pot wall to the interior of the body of water. If the 
liquid in the pot were stirred, the heat transfer from the inside wall of the pot to the liquid could 
become stronger as naturally convection is replaced by forced convection. 

The body of water is exposed to air at the top. If the air outside is still, heat will trans- 
fer from the water to the air through natural convection. On the other hand, if the air were 
moving (e.g., stirred by a fan), heat would travel from the hot liquid to the air by forced 
convection. 

Meanwhile, a person standing nearby feels heat wave coming from the heating coil. Heat 
is said to move through air by radiation. Assuming the heating coil is at a significantly high 
temperature, the radiation heat transfer can be quite strong. Certainly, the radiative dissipation 
reduces the energy efficiency of heating the water. 

Even for such a simple example, the heat transfer pathways are quite complex. The ther- 
mal transfer pathway illustrated in Figure 5.2 is simplified and only serves the purpose of illus- 
trating the difference between various heat transfer principles. In fact, there are many 
secondary heat transfer pathways pertaining to this case. For example, heat is lost to the air 
from the outer pot wall through radiation and convection. Temperatures of objects are consid- 
ered spatially discrete here; in fact, the temperature profile varies continuously. 

A heat flow will result between two points of different temperatures. The ability of a 
media or an object to transfer heat between two points is quantified by its thermal resistance. 
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The greater the thermal resistance between two points, the better the thermal isolation and the 
smaller the heat transfer rate under a given temperature difference (thermal driving force). 

The concept of thermal resistance can be better understood and appreciated by examin- 
ing the analogy between heat transfer and electrical current flow. Temperature difference is 
the driving force for heat flow and transfer. The difference of temperature between two points 
sets up a heat flow, much like an electrical voltage gives rise to organized movement of 
charges (electric current). The electrical resistance is defined as the ratio of voltage and cur- 
rent. Likewise, the thermal resistance can be defined as the ratio of temperature difference 
and the heat flow. 

Figure 5.2 shows an equivalent thermal resistance network associated with the water- 
heating example. Heat is transferred between the coil (Ti) and the ambient (Toom). The sub- 
script for each thermal resistance componentis related to the heat transfer pathway diagramed. 

I will focus on discussing thermal resistance associated with thermal conduction process. 
The value of thermal resistance of a microstructure is influenced by its dimensions, as well as by 
thermal properties of the media. 

The analytical expression of conductive thermal resistance under one dimensional heat 
transfer is the simplest. Conductive thermal resistance of longitudinal objects with uniform 
cross section (such as beams) can be easily calculated. 

For a longitudinal rod with a length of /, constant cross section of A, and a thermal resis- 
tivity of py, (=1/«), the heat flow through it with the difference of terminal temperatures being 
AT is given by 

AT 


Jcond = Ycond* A = kA. (5.4) 


Using the thermal-electrical analogy, the thermal resistance is 


AT 1/1 l 
dcond KA Pth ar 


Rin = (5.5) 


Recall that for an electrical resistor with a length of /, cross section of A, and an electrical resis- 
tivity of p, the total resistance is 


l 


R=p7 


(5.6) 
It is obvious that Equation 5.5 and Equation 5.6 have very similar forms. 

For two dimension thermal conductors (e.g., a membrane heated in the center) and 
three dimensional ones (e.g., a volume heated from the center), the effective thermal resis- 
tance is much more difficult to estimate. In these cases, computer numerical simulation or 
direct experimental methods may be needed. We will discuss the methodology of experi- 
mentally measuring the thermal resistance associated with a micromachined resistive tem- 
perature sensor in Section 4. 

Information about thermal resistance associated with convection and radiation processes 
can be found elsewhere [6]. The heat transfer coefficient of convective heat transfer is depen- 
dant on the geometries, and the flow rate regimes. The thermal resistance associated with radi- 
ation heat loss is actually a function of the temperatures. 
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( 2 
E Example 5.1 Thermal Resistance of Suspended Bridge 


A resistive ohmic heater is located in the middle of a suspended fixed-fixed cantilever. The 
beam is made of silicon nitride and the metal leads are made of aluminum. Find the numerical 
value of the thermal resistance experienced by the heater. Assume the width of the beam is 
10 um, L = 100 um, and the thickness of both aluminum (¢,,) and silicon nitride (tp) is 0.2 um. 
If the input power to the heater is 0.1 mW, what is the steady temperature assuming the silicon 
bulk stays at 27°C? 


1 
metal 
pore / E 
Cross section beam $ tp 


Solution. The heater is connected to the substrate frame by four parallel connected thermal 
resistors, two of them contributed by the metal layer and two by the silicon beam. The sub- 
strate frame has much greater thermal mass than the bridge —its temperature is assumed to be 
a constant. The substrate frame is called a heat sink. Heat flow occurs between the heater and 
the substrate. 

The thermal conductivity of aluminum and silicon nitride is 240 and 5 W/mK, respectively. 
The thermal resistance associated with each metal thermal resistor is 


L oi; 200 x 10% 
Wintm 240 0.2 X 10 x 10° 


Rm = Pace = 4.17 x 10°K/W 


The thermal resistance associated with each silicon nitride beam is 


Loosi 200 x 10° 
Wsintsin 5 02X10 xX 10% 


Rsin = Pih, SiN = 2 X 10’K/W 
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These four resistors are connected in parallel. The total thermal resistance R is found by 


1 2 2 
R Rm Rs iN 


The total resistance is 
R = 2.042 x 10° K/W 


If we ignore radiation heat loss and conduction/convection from the suspension to ambient air, 
the heat generated (1 mW) is entirely conducted through the bridge. Therefore, the total heat 
flux from the four parallel resistors is 0.1 mW. The temperature difference between the heater 
and the frame is 


AT = R X 0.0001W = 20.4K 


In many devices, the speed at which the temperature of a microstructure can rise or fall is 
critical. The heating and cooling speed of an ink jet printer determines the maximum printing 
speed, for example. The thermal resistance influences the dynamic response speed of a thermal 
sensor or actuator. 

The relationship between stored thermal energy (Q) and temperature change is 


Q = sh-m- AT = Cp AT, (5.7) 


where sh (J/kgK) is the specific heat, which is the amount of heat per unit mass required to raise 
the temperature of an object by one degree Celsius or Kelvin. The term Cm(J/K) is called the heat 
capacity, which is the equivalent of electrical capacitance in a thermal-electrical analogy. The gen- 
eral expression of the time constant associated with heating or cooling of a microstructure is 


T. = RhCih = Rih «shem (5.8) 


The small mass of microstructures favors the reduction of time constant. 


SENSORS AND ACTUATORS BASED ON THERMAL EXPANSION 


Thermal expansion is an omnipresent behavior of materials. The dimensions and volume of 
structures made of semiconductors, metals, and dielectric materials would increase upon tem- 
perature rise. The volumetric thermal expansion coefficient (TCE), commonly denoted as a, is 
the ratio between relative change of volume to the degree of temperature variation, 


Av 
V 


Qa 


The linear expansion coefficient is the change of only one dimension of an object due to tem- 
perature variation, 


B = — (5.10) 
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TABLE 5.2 Selected thermal properties of common materials. 


Thermal conductivity Linear temp. coefficient 


Material (W/cm K) of expansion 
Aluminum 2.37 2.5 
Aluminum oxide 0.36 8.7 
Aluminum oxide 0.46 - 
Carbon 0.016 - 
Carbon 23 - 
Cr 0.94 6 
Cu 4.01 16.5 
GaAs 0.56 5.4 
Ge 0.6 6.1 
Au 3.18 14.2 
Si 1.49 2.6 
SiO, (thermal) 0.0138 0.35 
SiN (silicon) 0.16 1.6 
Polyimide (Dupont PI 2611) - 3 
Poly silicon 0.34 2.33 
Ni 0.91 13 

Ti 0.219 8.6 


The volumetric and linear expansion coefficients are related by 
a = 3B. (5.11) 


The linear thermal expansion coefficients of representative organic and inorganic materials are 
summarized in Table 5.2. Apparently, the value of the thermal expansion coefficient for most 
solid materials is small. The extent of expansion is rather limited for practical values of temper- 
ature rise. For instance, upon a temperature rise of 100°C, a 1-mm-long silicon cantilever will 
only elongate by a distance of 2.6 x 10° x 100 x 10° = 2.6 x 107m = 0.26 um. 

It should be noted that for thin film materials such as silicon nitride and polycrystalline 
silicon films, thermal properties such as thermal expansion coefficient depend on the exact 
composition of the material, determined by specific process settings, equipment settings, and 
thermal treatment history. Data on thermal properties collected from literature vary quite 
widely. Furthermore, many data points in Table 5.2 are collected from bulk materials and 
should only serve as a reference when dealing with microscopic samples. Representative ther- 
mal properties of commonly used metals are summarized in Table 5.3. 

Actuators based on thermal expansion of liquid or air have been achieved in the past [5, 7]. 
The thermal expansion coefficients of many liquids are greater than those of solids. The value 
of a for water above 40°C is approximately 400 ppm/K. Some special engineered fluids have 
even greater a. For example, the volumetric thermal expansion coefficients of 3M performance 
fluids are in the range of 0.16%/K [5]. 
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TABLE 5.3 Thermal and electrical properties of metal thin films. 


Resistivity Thermal conductivity TCR Coefficient of thermal 
Material (wOcm) (W/cmK) (ppm/°C) expansion (ppm/K) 
Aluminum (Al) 2.83 2.37 3600 25 
Chromium (Cr) 12.9 0.94 3000 6.00 
Copper (Cu) 1.72 4.01 3900 16.5 
Gold (Au) 2.40 3.18 8300 14.2 
Nickel (Ni) 6.84 0.91 6900 13 
Platinum (Pt) 10.9 3927 8.8 


The thermal expansion of air has been used to move liquid drops in microfluid channels. 
For example, trapped air volume on the order of 100 nL heated by tens of degrees Celsius can 
generate air pressure on the order of 7.5 kPa [7]. 

The thermal expansion of gases due to temperature change can be derived from the ideal 
gas law. For an ideal gas, the relation between the volume and temperature is given by 


PV = nRT = NkT (5.12) 


where P is the absolute pressure, V the volume, T the absolution temperature, n the number 
of moles, N the number of molecules, R the universal gas constant (R = 8.3145 J/molK), and 
k the Boltzmann constant (1.38066 x 10” J/K). Recall the relationship between k and R is 
given by 


k = R/N4 (5.13) 


where N4 is the Avagadro’s number (N4 = 6.0221 x 10%). 
The thermal conductivity, resistivity, TCR, and the coefficient of thermal expansion of 
commonly used metal materials are summarized in Table 5.3. 


Thermal Bimorph Principle 


The thermal bimetallic effect is a very commonly used method for sensing and actuation. This 
mechanism allows temperature variation in microstructures to be exhibited as transverse dis- 
placement of mechanical beams. 

The thermal bimorph consists of two materials joined along their longitudinal axis serving 
as a single mechanical element [8]. (Oftentimes, a thermal bimetallic actuator may consist of 
more than two layers of materials. This book focuses on the analysis of two-layered architec- 
tures only.) Figure 5.3 shows a composite beam with two layers, made of material 1 and 2, hav- 
ing same length (L) but different coefficients of thermal expansion (CTE) (a, > a2). The 
subscript refers to the material layer. Likewise, the Young’s modulus, width, and thickness of 
the two layers are denoted E;, w; and t; (i = 1 or 2). With a uniform temperature rise of AT, the 
length of two sections changes unequally. Because the two-layered materials are tightly joined 
at the interface, the beam must curve toward the layer made of the material with a lower CTE 
value. A transverse beam bending is therefore produced. 

Next we analyze the formula for calculating the displacement of a bimetallic beam. Under 
a uniform temperature change of AT, the beam curves and assumes the shape of a section of an 
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ty a 
a Ei, a 
Ep, ay 


same length L 


= a a 
J a wa 
4) 

Al Z = 

temperature 

= Te al L(1+@,AT) 


EA FIGURE 5.3 


L(1+a,AT) Thermal bimetallic 
bending (a; > ap). 


arc with the length of the arc being L. The radius of curvature of the arc, r, can be calculated 
using this formula: 


1 _ 6W WE] Ent to(t + t)(ay = a)AT 
r (w Et? + (w2Ept3)? + 2wim E Eotyty(2t? + 3th + 23) 


(5.14) 


The arc is a section of a circle with the radius of curvature being denoted r, spanning an arc 
angle 0. 
The value of 0 is determined by 


6 = ljr. (5.15) 


Once the radius of curvature is found, the vertical displacement of the free end of the beam can 
be determined by trigonometry according to Figure 5.4. 


r — rcos(0) 
FIGURE 5.4 


Geometry of a bent 
bimorphbeam at rest beam. 
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The vertical displacement at the free-end of the cantilever is therefore 
d = r — rcosé (5.16) 


If the overall bending angle is small, the magnitude of the vertical displacement can be esti- 
mated by replacing cos 0 with first two terms in its Taylor series expansion: 


1 1 
d=r- (i - a + oco) ) X w (5.17) 


Example 5.2 Displacement of a Bimetallic Actuator 


A bimetallic cantilever beam is made of two layers of different lengths. The layer on top is 
made of aluminum (Material 2), whereas the layer on the bottom is made of silicon nitride 
(Material 1). The width of both layers is 20 um. The length of the segment between point A and 
B is 100 um, so is the length of the segment from point B to C. The Young’s modulus of alu- 
minum and silicon nitride are E) = 70 GPa and E, = 250 GPa, respectively. The thickness of 
aluminum and silicon nitride sections is f = 0.5 um and t = 1 um, respectively. The thermal 
expansion coefficients of aluminum and silicon nitride are ay = 25 ppm/°C and a, = 3 ppm/°C, 
respectively. At room temperature, the cantilever is straight. 

Find the radius of curvature (r) of the cantilever beam when the beam is uniformly heated 
to 20°C above the room temperature. Determine the amount of vertical displacement at the 
free end of the beam under this condition. 


A Material 2 
Aluminum 


à 
AV 
goes 
oe 


Material 1 
Silicon nitride 


8c 
Š shape of unbent beam 


Solution. The composite beam consists of two segments. The segment spanning point A and 
B undergoes curvature bending due to the thermal bimetallic effect. The segment spanning 
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point B and C consists of only a single layer of material. It will not undergo curvature bending 
but will follow the angular bending that takes places at point B. 
For segment A-B, we can write the expression for the radius of curvature as 
1 6w WF Ent to(ty + h)(a, = az)A T 
r (w Ey tt)” oF (w2Ent3)* F 2wım E Eotyty(2t7 + 3hb + 213) 


6(400 x 10°!7)(70 x 250 x 10'8)0.5 x 10° !7(1.5 x 10°°)(22 x 10°°)20 
2.5 x 10" + 1.225 x 108 + 7(4 x 10°17) 


1.386 x 10°8 E 
= 3 y g = 2609m. 


The radius of curvature in the segment A-B is 
r = 0.00383 m. 
The angle spanned by the curved section is 


222 0.026 rad = 1.49°. 
r 0.00383 


The vertical displacement at point B is 
ôg = r — rcos(#) = 1.3 X 10° m. 
The vertical displacement at point C is 


5c = ôg + Lsin(0) = 3.9 X 10 °m. 


The thermal bimetallic displacement can be used for both sensing and actuation purposes. It is 
in fact the mechanism for many household electromechanical thermostats. A conventional 
thermostat consists of a spiral bimorph metal coil. The end of the coiled beam is attached to an 
electrical relay, in the form of a sealed glass vial containing a drop of mercury. When the envi- 
ronmental temperature changes, the end of the coil would tilt and trigger movement of the 
mercury-drop relay to regulate current flow in heating/cooling circuitry. 

Several examples of micromachined bimetallic temperature sensors are discussed in Sec- 
tion 5. In the remainder of this section, we will focus on thermal bimetallic actuators. 

As a component of an actuator, a thermal bimaterial beam can produce angular and lin- 
ear displacements. It is interesting to draw comparison between the two actuation methods we 
have studied so far—electrostatic actuation and thermal actuation. Both electrostatic and 
thermal bimetallic actuation methods are commonly used in MEMS. The relative merits and 
disadvantages of both methods are summarized in the Table 5.4. 

Two examples of thermal bimetallic actuators are reviewed below, both for transporting 
micro objects. The actuator in Case 5.1 does not incorporate integrated circuits for control pur- 
poses, whereas the one in Case 5.2 is integrated with on-chip electronics. 
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TABLE 5.4 Characteristics of electrostatic and thermal bimetallic actuation. 


Electrostatic Actuation Thermal Bimetallic Actuation 


Advantage 1. Low power operation at low 1. Relatively large range of movement can 
frequencies. be achieved. 
2. High response speed. 2. Small actuator footprint for comparable 
displacement. 


Disadvantage 1. Relatively small range of motion. 1. Moderate to high power operation as current 
2. Requires large area and footprint is used to generate ohmic heating. 

in order to generate large force 2. Lower response speed as the time constant is 

and displacement. governed by thermal heating and dissipation. 


XV 
C Case 5.1 Bimetallic Artificial Cilia Actuator 


In microelectronics manufacturing, the handling and assembly of small objects such as dies 
cut from a wafer is generally labor intensive and inefficient. A technology is needed for 
small chips to be transported and oriented efficiently in the production line. An array of 
thermal actuators, mimicking biological cilia, have been developed to carry and transport a 
small object laterally in a plane [9]. According to Figure 5.5, an object is supported by the 
array of out-of-plane cilia. These actuators are divided into two groups that are activated 
out of phase with respect to each other. Power is applied to these two groups of actuators 
with at a certain clock frequency. 

At the start of a cycle, both groups of actuators are elevated to hoist a small object 
(Figure 5.5a). One group is actuated and lowered first (Figure 5.5b). Another group is low- 
ered later, causing the object it carries to move forward by a small amount (Figure 5.5c). 


group1 object group 2 


polyimide 
with high 
(a) thermal expansion 
-> 
polyimide 
i with low 
(c) eS metal thermal expansion 
heater : 
| heating JW 
(d) 
FIGURE 5.5 Ke 
Artificial cilia array for A 
object transport. (e) 
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The group that was lowered first is returned to the elevated position, moving the object by 
a small distance again. The second group of actuators is then elevated, returning the system 
to its starting configuration. Actuators belonging to the first group are released to complete 
a cycle (Figure 5.5d). Through each cycle, the object is moved by a small incremental dis- 
tance. Long distance movement of the object result through repeated cycles. 

Each cilium is a curved bimorph cantilever, 500 um long, 100 um wide, and 6 um 
thick (Figure 5.5). The top view of the cantilever reveals a folded wire loop. The resistance 
of wire associated with each wire loop is 30-50 Q. The cross section consists of three major 
layers—a polyimide layer with high thermal expansion coefficient, a gold heater, and an- 
other bottom polyimide layer with a lower thermal expansion coefficient. The polyimide 
layers as well as metal layers exhibit tensile intrinsic stress to raise the cilia tip by 250 um at 
rest. When electrical current passes through the resistor, the gold and polyimide layers are 
heated. Because the top polyimide layer has greater thermal expansion coefficient, the can- 
tilever bends downward. Large displacement can be achieved. For example, vertical dis- 
placement of 250 um and companion horizontal displacement of 80 wm result when a 22.5 
mA drive current is used, corresponding to a power dissipation of 33 mW for each actuator. 

The fabrication process can be carried out on bare silicon or glass wafer. A four-mask 
fabrication process (Figure 5.6) begins with deposition of a 1.6-um-thick aluminum thin film, 
serving as a sacrificial layer (step a). A layer of polyimide is spin coated and patterned, to 
form a 2.2-um-thick film (step b). Metal thin film patterns (200-nm-thick gold and 100-nm- 
thick nickel) are formed by evaporation and patterned by wet etching (step c). Adhesion be- 
tween the gold and polyimide is enhanced significantly by the use of the nickel adhesion 
layer. The authors coated another layer of polyimide again, to a thickness of 3.6 um (step d). 


aluminum 
(a) Sem aluminum z : | 
polyimide —— = — = 
(e) 
(b) 


(c) 
polyimide 


m i a ccuness 


Fabrication process 
(g) depicted in the A-A’ 
cross section. 
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Co 


This polyimide layer needs to be patterned. One option is to use photo definable 
polyimide. The authors did not use this approach. One possible reason is that photo pat- 
ternable polyimide with suitable TCE value cannot be found. 

Instead, a polyimide layer is deposited and later patterned by etching. It was deter- 
mined that plasma etching is the best course for minimizing undercut. In order to pattern 
this layer of polyimide, it needs to be masked by a protective layer. Both metal thin films 
and photoresist may serve as the protective layer. Photoresist, however, does not provide 
sufficient etch selectivity. As a consequence, the top polyimide is coated with a layer of thin 
film metal. The thin film metal is patterned photolithographically and etched (step e). It 
then serves as a mask for a subsequent etching of the polyimide layer using oxygen plasma, 
to define the polyimide beams (step f). The sacrificial layer is removed in selective regions 
to release the polyimide beams (step g). 

Demonstration of the cilia array carrying a 2.4 mg silicon wafer traveling at 
27-500 um/s with 4 mW input for each actuator has been successfully made 


Case 5.2 Bimetallic Actuators for Object Transport 


The cilia actuators remain in down positions for a significant fraction of the cycle. The cilia 
transport chip discussed in Case 5.1 requires constant power input to keep a cilia in its 
down position. This translates into rather significant power consumption. 

Researchers later developed a improved version of thermal actuator for transporting 
objects in a two dimension plane [10] (Figure 5.7). Each flap-shaped cilia actuator consists 
of a metal resistive heater as well as thin film electrode plate. The two materials of different 
thermal expansion coefficients are both polymer materials. One polymer is PIQ-L200, with 
a TCE value of 2.0 ppm/°C. Another one is PIQ-3200, 54 ppm/°C. The metal film is sand- 
wiched between two polyimide layers, serving as heater and one electrode of a parallel 
capacitor. A counter electrode is located on the substrate surface. 

Each flap is bent out of plane under zero applied power because of intrinsic stress in 
the materials. Upon applied ohmic heating, a flap bends towards the substrate surface. In- 
stead of using a constant current to keep the cilia down, electrostatic actuation can be used 
to hold the flap position. When the flap is parallel to the substrate plane, the magnitude of 
the electrostatic force is the greatest due to close proximity of electrodes. The electrostatic 
force is energy efficient for static position holding, consuming virtually no power. 

Later, the group changed the geometries of the thermal manipulator and integrated 
them on a substrate with CMOS controller electronics [11]. The design of each actuator is 
considerably simpler than the previous generation—the electrodes for electrostatic holding is 
removed, perhaps because it is expensive to integrate parallel capacitors with large footprint 
onto CMOS chips. The heater is made of Ti-W heater resistor with 1 kQ resistance each. A 
DC power input of 35-38 mW produces a vertical displacement of 95 um accompanied by a 
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17 um lateral displacement. An array was programmed to perform simple linear and diago- 
nal translations and squeeze-, centering-, and rotating-field manipulation of silicon pieces of 
various shapes. In year 2010, the group developed micro robots based on the thermal actua- 


tor concept [12]. 


Thermal Actuators with a Single Material 


Thermal bimorph bending is convenient for creating out-of-plane linear or angular displace- 
ment. It can produce in-plane displacement provided that the layered thermal bimorph materi- 
als are stacked on vertical surfaces. However, the fabrication process for such stacked 


structures is rather difficult. 


Thermal actuators based on a single material for generating in-plane motion has been 
demonstrated, for example by using bent-beam electrothermal actuators [13]. The schematic 
diagram of a representative bent-beam actuator is shown in Figure 5.8. A bent beam is made 
of silicon doped to a certain concentration; it serves as the ohmic heater as well. Current 
passing through the bent beam causes two branches to expand, resulting in tip motion in the 
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transverse direction. The beam is capable of producing peak output force on the order of 
1-10 nN with a driving voltage of less than 12 V. Static displacement on the order of 10 um 
at 79 mW input power has been demonstrated with beams that are 410 um long, 6 um wide, 
and 3 um thick. 

Alternative configurations of thermal actuators based on a single material are discussed 
in Case 5.3. 

The output force can be further increased by connecting many actuators in parallel [14]. 


( X 
Æ Case5.3 Lateral Thermal Actuators 


Lateral driven thermal actuators based on asymmetrical thermal expansion of a microstruc- 
ture with two arms made of a same conductive material have been realized. These two arms 
have different heating power and thermal expansion, resulting in difference of longitudinal 
expansion when a current passes through. Two strategies have been demonstrated: 


1. An actuator may consist of two beams with the same cross-sectional area but different 
length [15]. The longer arm is associated with greater electric resistance and thermal 
resistance. By passing an identical current through the loop, the longer arm will pro- 
duce higher temperature and greater expansion, causing the tip to bend towards the 
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direction of the shorter arm. An actuator was tested, with the long beam being 500 um 
long and the short one 300 um long. The width and thickness of the beams are 2.8 and 
2 um, respectively. Lateral displacement as large as 9 um has been demonstrated 
under a bias voltage of 14 V. The resistivity, Young’s modulus, Poisson’s ratio, and den- 
sity of the arms are 5 X 107° Qcm, 150 GPa, 0.066, and 232-kg/m°, respectively. 

2. An actuator may contain two beams with same length but different cross-sectional 
area [16-19]. The arm with a smaller cross section is called the hot arm. The one with 
a larger section, cold arm. Under a same current, the hot arm reaches high tempera- 
ture and therefore greater linear expansion. An actuator with the hot arm being 
2.5 um wide, 240 um long, cold arm being 16 um wide, and 200 um long was able to 
generate 16 um displacement at 3 V and 3.5 mA for a 2-um-thick polysilicon layer. 
Modeling has been performed [19]. The thermal actuator can be connected together 
to generate large force [17] for various applications including optical aligners. 


THERMAL COUPLES 


In 1823, a German physicist Seebeck discovered that a voltage was developed in a conductor 
loop containing two dissimilar materials, when the temperature at the joint between two mate- 
rials was increased above the room temperature (Figure 5.10, part a and b). The voltage is ca- 
pable of maintaining a current if the loop is closed. (In fact, the voltage was noticed only when 
the current was able to deflect a magnetic compass needle nearby.) 

Two wires made of dissimilar materials joined at one point constitute a thermal couple. A 
thermal couple is most commonly used to measure the temperature difference between the 
joined sensing junction and a reference one. It is also used for generating electricity from a tem- 
perature gradient between their two junctions. 

Seebeck tested a number of materials, including naturally found semiconductors ZnSb 
and PbS. When a temperature difference, AT, is applied, it will be accompanied by an electric 
voltage, AV. He found that the open circuit voltage is linearly proportional to the difference of 
temperature. The ratio between the developed open circuit voltage and the temperature differ- 
ence is the Seebeck coefficient: 


a2 
AT’ 


as (5.18) 
The term a, is the Seebeck coefficient of a thermal couple, unique to the combination of two 
materials. The Seebeck coefficient is alternatively called the thermoelectric power, or just 
thermopower. 

Why must thermal couples involve two different materials? Although a single piece of 
metal is theoretically capable of exhibiting a voltage difference when a temperature differ- 
ence is present between its two ends (junctions), this voltage can not be easily measured or 
used, because another piece of conducting material must be present to interrogate or com- 
municate this voltage. The conducting wire inevitably exhibits Seebeck effect as well. If the 
conducting material is the same as the conducting material under test, no voltage difference 
would be detected at the referecne junction because the Seebeck voltage of the two pieces 


194 Chapter 5 Thermal Sensing and Actuation 


AV =a,AT 


AT 


À 
Yy Y 


a 
high reference 


temperature O temperature 


) 


AV= apAT 
_— 


(a) 


high reference Ay = (a, — œ)AT 
temperature temperature 
(b) sensing junction reference junction 

reference 

sensing junctions junctions 
| S 
high TEA AV = 3(a, — a)AT 
temperature 


FIGURE 5.10 


A thermal couple (c) 
element. 


thermal pile 


cancel. As a result, two pieces of dissimilar metals must be used to provide an open circuit 
voltage at the reference junttion. 

Seebeck coefficients are in fact associated with individual metal elements. If the Seebeck 
coefficient of the two constitutional materials (labled a and b) in the thermal couple in Figure 5.10 
are denoted a, and ap, respectively, the Seebeck coefficient of the thermal couple is defined as 
following: 


Qab Z Aq T Ap. (5.19) 
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TABLE 5.5 Seebeck coefficient of common industrial thermal couple materials. 


Temperature 
Type Metall Metal 2 Range (°C) Sensitivity (4V/°C); comment 
E Chromel — Constantan —270-900 68; high sensitivity, nonmagnetic 
J Tron Constantan —210-1200 55; low temperature range 
K Chromel  Alumel —270-1250 41; low cost, general purpose 
T Copper Constantan —270-400 55; low temperature range 
R Platinum Rhodium 13% -—50-1450 10; low sensitivity, high cost, suitable 
Rhodium for high temperature measurement. 
S Platinum Rhodium 6% —50-1450 10; same as R type. 


Rhodium 


Although thermal couples can be made of a seemingly unlimited large number of material 
combinations, most widely used thermal couples are limited and well characterized. The differ- 
ence between a, and ap should be as great as possible. The material make-up and properties of 
some commonly encountered industrial thermal couples are presented in the Table 5.5. 

Thermal couples offers several distinct advantages over thermal resistors or other 
temperature-sensing methods. The thermal couple provides an output without offset and 
offset drift. It does not suffer from interference from any physical or chemical signals except 
for light. The thermal couple does not require any electrical biasing and is self-powered. 

Semiconductor materials often show a thermoelectric effect which is larger than that ob- 
served in metals [20]. For nondegenerate silicon, the Seebeck coefficient are derived from three 
main effects: (1) First, with increasing temperature, a doped silicon becomes more intrinsic; 
(2) secondly, with increasing temperature the charge carriers acquire greater average velocity, 
leading to charge build up on the cold side of the semiconductor; (3) Lastly, the temperature 
difference in a piece of silicon causes a net flow of phonons from hot to cold ends. A transfer of 
momentum from acoustic phonons to the charge carriers can occur under certain conditions. 

Both doped single crystal silicon [21] and polycrystalline silicon [22, 23] are promising 
candidates for building thermal couples. The values of Seebeck coefficient have been charac- 
terized under various doping concentration and dopant types. 

The Seebeck coefficient of silicon is a function of the doping level and conductivity. The 
value for single crystal silicon, at the level of —1000 uV/k, greatly exceeds that previously tabu- 
lated for various metals. For polycrystalline silicon, the Seebeck coefficient is on the order of 
100 uV/K when the bulk resistivity is 10 wOm. For practical design purposes, it is convenient to 
approximate the Seebeck coefficient as a function of electrical resistivity; 


26k 
as = g PrP oD: 


where po is a reference resistivity (5 X 1074 Qcm), k the Boltzmann constant, and q the elemen- 
tary electric charge. 

The output voltage from thermal couples will be increased when multiple thermal couples 
are connected in an end-to-end fashion, with the hot and cold junctions aligned. This configura- 
tion is called a thermal pile (Figure 5.10c). It is analogous to many batteries lined up together to 
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provide a higher ouput voltage. The output voltage equals that of a single thermal couple mul- 
tipled by the number of thermal couples in the system. 

Micromachiend thermal couples have been made for temperature sensing based on a va- 
riety of materials [20]. For example, surface micromachined scanning thermal couple probes 
have been made using the following sets of thermal couple materials: Ni and W (with Seebeck 
coefficient of 22.5 uV/K per junction), and chromel and alumel (37.5 wV/K per junction) [24]. 
Thermal couple probes have also been made by exploiting the junction between Au-Ni 
(14 wV/K per junction), and Au-platinum (5 uV/K per junction). In many cases, the thermo- 
electric power is lower than corresponding bulk value [25]. 

It is noteworthy that the Seebeck effect belongs to a broad family of thermoelectric effects. 
A decade after the Seebeck effect was discovered, a companion phenomena was discovered by 
a French scientist, Peltier. He found that electrons moving through a solid can carry heat from 
one side of the material to the other side. The true nature of the Peltier effect was explained later 
by Lenz. Upon the flow of electric current, heat is absorbed or generated at the junction of two 
conductors. Lenz also demonstrated freezing a drop of water at a bismuth-antimony junction 
and melting the ice by reversing the current. 

In a Peltier thermoelectric device, it is the flow of charge carrires that pumps heat from 
one side of the material to another. The ratio of heat flow to electric current for a particular ma- 
terial is known as Peltier coefficient, I. In fact, the Peltier and Seebeck coefficients are related, 
according to, 


Il = oT, (5.20) 


where T is the absolute temperature. 


THERMAL RESISTORS 


The resistance value of a resistor is a function of the resistivity p and its dimensions, including 
length / and the cross-sectional area A. It is given as 


l 


RS PE 


(5.21) 
Both the resistivity and the dimensions are functions of temperature. As a result, the resistance 
value is sensitive to temperature. A thermal resistor is an electrical resistor with appreciable 
temperature sensitivity. 

The resistance of a thermal resistor, R, is related to the ambient temperature in a rela- 
tionship shown below: 


Rr = Ro ag ar(T = To)), (5.22) 


where Rr and Ro are the resistance at temperature T and Tọ, respectively. The term ap is called 
the temperature coefficient of resistance (TCR). This equation is valid for moderate tempera- 
ture excursion. If the temperature difference is greater, nonlinear terms may be needed to yield 
accurate expression of Rr. 

Thermal resistors can be made of metal or semiconductors. In both cases, the dimensions 
of a resistor change with temperature. The electrical resistivity of both metals and semiconduc- 
tors varies with temperature, but the principles of such change is quite different for metals and 
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semiconductors. For metal resistors, temperature rises introduce enhanced lattice vibration, 
which tends to impede the movement of charge carriers. In the case of semiconductors, temper- 
ature affects the lattice spacing and, in turn, the effective mass and mobility of charge carriers. 
For semiconductor thermal resistors, the resistivity-temperature relation is influenced by dop- 
ing concentration and dopant types. 

Metals are used as thermal resistors because of their simplicity of processing. Platinum is 
widely used as a thermal resistive material because the resistivity is very linear with respect to 
temperature. It has a reasonably high TCR (39.2 X 10 ~4/K) but a low resistivity which tends to 
limit its use in microdevices since a large aspect ratio (length over width) design is required in 
order to generate appreciable base resistance value, Ro. 

The term thermistor is generally used to refer to semiconducting thermoresistors. Semi- 
conductor thermisters have the advantage of large resistivity and ease of miniaturization. How- 
ever, its TCR is typically lower compared with that of metals. The doped polysilicon is often 
used as a temperature sensitive resistive element. Its TCR value depends on the concentration 
of doping [26]. The TCR for p-type doped polysilicon ranges from 0.1%/°C-0.4%/°C with con- 
centrations ranging form 10!* to 10% cm [27] 


Example 5.3 Thermistor Resistance 


A thermal resistor is made of doped p-type single crystal silicon, with the nominal resistance 
(Ro) of 2kQ. Assume the TCR of the material is 100 ppm/°C. Predict the resistance of the 
device at a temperature 50°C above the ambient. 


Solution. Given the temperature coefficient of resistance, the resistance value at 50°C above 
the room temperature is 


R = Ro(1 + agAT) = 2000 x (1 + 100 x 10° x 50) = 20100 


The temperature coefficient of resistance can be measured simply by heating up a resistor using 
a temperature-controlled stage and monitoring the resistance value. The temperature of the 
stage should be increased slowly in small increments, to allow sufficient time interval in be- 
tween each temperature rise step to ensure thermal equilibrium. The bias voltage and current 
must be kept low in this experiment, to minimize contribution of the electric heating power, 
which is the product of voltage and current. 

The current and voltage used to interrogate the resistance value of a thermoresistor may 
introduce heat to it. This phenomenon is called self-heating. The heating power of a resistor 
under current / is 


P= PR. (5.23) 


Self-heating of resistors by the interrogation currents may change its temperature and the 
resistance value. 

The temperature and hence resistance value of a resistor under self-heating condition is 
dependant on the rate of heat input and dissipation. The ohmic heating energy may be dissi- 
pated through conduction and convection. If the convective heat loss is dominant, a self-heated 
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Ohm’s law 


FIGURE 5.11 


I-V characteristic of a 
thermal resistor. 


resistor can be used to measure the convective heat loss rate and flow rates. This forms the basis 
of hot-wire anemometry, further discussed in Case 5.6 [3]. Under zero flow movement, the tem- 
perature of the heated resistive wire reaches a steady-state value. When the resistive wire is 
subjected to a moving fluid, heat is convectively moved from the element, reducing its temper- 
ature. The changes of the temperature of the sensing element can be inferred by measuring the 
real-time resistance value. Similarly, the self-heating effect can be used for measuring flow 
shear stress in the boundary layer (Case 5.7) [28, 29]. 

The value of thermal resistance associated with a thermal resistor can be easily obtained 
from the current-voltage characteristics (I-V). According to the Ohm’s law, the current in a re- 
sistor will increase linearly with respect to the input voltage. A linear current-voltage plot is 
often encountered, with the slope of the I-V characteristic curve representing the inverse of the 
resistance of the resistor. 

If self-heating occurs, the resistance of the resistor is changed. Hence the slope of the I-V 
curve will change. If the TCR value is positive, the resistance will increase at elevated power input 
level. A representative I-V curve of a thermal resistor with TCR > 0 is shown in Figure 5.11.The 
slope of the I-V curve decreases with the self-heating at high power input levels. On the other 
hand, if the TCR value of a resistor is negative, the slope of the I-V curve would increase at high 
power input levels. 

The degree of bending of the I-V curve of a resistor correlates to its thermal isolation. For 
two identical thermal resistors, the one with better thermal isolation will reach a greater tem- 
perature and a higher degree of resistance change under a given input power. On the other 
hand, the device with poor thermal isolation will have a lower equilibrium temperature. Its I-V 
curve will experience less bending. (The fact that I-V curve bending is never casually noticed in 
discrete bulk resistors is partially attributed to the fact that these resistors are generally not 
thermally insulated at all.) 


APPLICATIONS 


The thermal transfer principle can be used to measure a variety of physical variables, including 
acceleration, position, displacement, and flow rate. We discuss a few representative examples of 
sensors in this section. 
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5.5.1 Inertia Sensors 


Almost all existing accelerometers use piezoresistive or capacitive sensing principles to detect 
the movement of proof masses. Piezoresistive accelerometers show appreciable temperature 
dependence, whereas capacitive accelerometers have problems with electromagnetic interfer- 
ence. Thermal accelerometers, on the other hand, turn displacement into changes of tempera- 
ture or heat flow. Here, we discuss two examples of thermal accelerometers, one based on 
moving mass (Case 5.4) and one without any moving mass (Case 5.6). 


( X 
Æ Case 5.4 Accelerometer Based on Thermal Transfer Principle 


The principle of a thermal accelerometer with silicon moving mass is shown in Figure 5.12 [30]. 
It consists of a heat source (realized by a heating resistor) with the temperature T and a 
heat sink (the package) with a temperature set at Tọ. Two temperature sensors, based on 
the thermal pile principle, are symmetrically located with respect to the heater. The heater 
and the temperature sensors are located on a thin membrane, which restrict lateral heat 
flow to the package frame (heat sink). The thin membrane increases thermal resistance and 
allows the heater to reach appreciable temperature without wasting heating power. 

The lateral heat flow is designated Q, in the figure. Heat generated by the heat also 
travels through the air gap to the suspended proof mass above it (Q3). In addition, heat 
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also moves by conduction in air to the thermal pile sensors (Q2). When the applied accel- 
eration is zero, the temperature of the thermal piles reach a certain steady-state tempera- 
ture upon a given heat dissipation. 

An external acceleration causes the relative distance between the proof mass and the 
heater to change. In the case the distance is reduced, as shown in Figure 5.12, the heat flux 
elements Q, and Q; are enhanced relative to Q4, changing the steady state temperature 
distribution and the temperature readings of the thermal piles. 

In this paper, an expression of the temperature at a given location on the membrane 
as a function of the distance between the proof mass and the membrane is derived. How- 
ever, the accuracy was not validated. The temperature sensitivity of the device is relatively 
low. The output of the thermal pile in absence of the proof mass changed only by 1% in the 
temperature range of 20-100°C, according to the authors. There are certainly room for im- 
provement with better material selections and designs. The sensor exhibited a sensitivity 
of 9-25 mV/g, a sensing range of 0.4-0.8 g (which is relatively narrow), and a frequency 
response of up to 300 Hz. 


Case 5.5 Thermal Accelerometer with No Moving Mass 


Nearly all existing MEMS accelerometers incorporate moving inertia mass. A simple 
acceleration sensor without moving mass has been made. This design forms the basis of 
MEMSIC, a MEMS company based on the fabless manufacturing model. A more detailed 
discussion of the MEMSIC sensor can be found in Chapter 15. The device die consist of an 
ohmic heater and at least two temperature sensors symmetrically placed with respect to 
the heater [31]. It is placed in a hermetically sealed package with air inside. The heater 
heats up a pocket of hot air. Under rest conditions, the spatial profile of the hot air pocket 
is symmetric such that the two temperature sensors produce identical temperature read- 
ing. If an acceleration is applied on the ceramic package, the air mass will move under the 
influence of inertia force, causing asymmetric distribution of the temperature profile in 
the air. The readings of the two temperature sensors would become different, with the 
difference corresponding to the magnitude of the applied acceleration. 

This principle has been implemented using microfabrication technology [2] and with 
full CMOS signal processing integration [32]. The heater and sensors are fabricated on a 
semiconductor substrate with pre-existing signal conditioning and processing electronics. 
The fabrication process of heaters and temperature sensors are highly compatible with 
integrated circuits. No moving parts are necessary. 

The sensitivity of a first microfabricated device of this kind [2] was characterized by 
using earth’s gravity as a reference. By changing the direction of the devices sensitivity 
axis relative to gravity, the output of the device changes linearly. The equivalent noise 
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floor was 0.5 mg with a 20 mW biasing power in atmospheric pressure. The sensitivity of 
this accelerometer is linearly proportional to the Grashof number, Gr, given by 
ap’ x°B(AT) 

ea 
where a is the acceleration, p the density of the gas, y the linear dimension, 6 the coeffi- 
cient of expansion, and AT the temperature of the heater, and u the viscosity. 

Later studies of the sensitivity showed dependence on the pressure of the gas 
medium [33]. At low pressure range, a square dependence was found. For higher pressures, 
different optimum sensitivities were obtained according to the distance between the heater 
and detector. The sensitivity can increase by 1000 fold if the device can be packaged with a 
high pressure. 

Sensors based on similar designs have been made by other groups for detection of ac- 
celeration or tilting [32], with sensitivity of 115 uV/g (for thermal pile configuration) and 
25 uV/g (for thermistor configuration) measured with operation frequency up to several 
hundred Hz. 


C= (5.24) 


Flow Sensors 


The transfer of mass by fluid flow and the transfer of heat are intricately related. Flow sensors 
based on thermal transfer principles are very popular. We will discuss hot wire anemometers, 
which measure flow rate by the convective heat transfer effect it creates (Case 5.6). On the 
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other hand, a hot wire element lying on the surface of a substrate can measure the flow shear 
stress. A surface micromachined shear-stress sensor based on thermal transfer principle is dis- 
cussed in Case 5.7. The discussion of this device also lead to description of an experimental 
technique to measure thermal resistance associated with micromachined structures. 


( XV 
= Case 5.6 Hot Wire Anemometer 


Hot-wire anemometry (HWA) is a well-studied technique for measuring the velocity of 
fluid flow. It utilizes a thermal element that serves as both a resistive heater and a temper- 
ature sensor. The temperature and resistance of the thermal resistor, biased in the self- 
heating regime, changes with the speed of flow movement. 

The HWA is noted for its low cost, fast response (in the kilohertz range), small sizes, 
and low noise. Conventional HWA sensors are assembled individually by mounting a thin 
wire made of platinum or tungsten onto support prongs. The wires may be thinned (e.g., by 
etching in acidic solutions) until the desired dimensions are reached (typically a few mm 
long and a few micrometers in diameter). This active portion of the sensor is then mounted 
on a long probe with electrical connection for ease of handling. The schematic diagram of a 
typical finished device is shown in Figure 5.14. Conventional HWAs suffer from two major 
shortcomings, however. First, the fabrication and assembly process is delicate and does not 
guarantee uniformity of performance. Second, it is prohibitively difficult to form large ar- 
rays of HWA for measuring flow field distribution. 

The research discussed in [34] was motivated by the needs to reduce the cost of 
HWA, to fabricate and manufacture hot wire anemometers efficiently, and to produce ar- 
rayed HWAs on potentially flexible substrates. 
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Two strategic approaches are taken to achieve these goals. First, HWA sensors are 
made by using surface micromachining in conjunction with three-dimensional assembly 
methods. This circumvents the need to use bulk micromachining method, which requires 
relatively long etching time and complex processing. Bulk etching using anisotropic wet 
etchants frequently pose concerns of materials compatibility as all materials on a given 
substrate are required to sustain wet etching for long periods (several hours to etch 
through typical silicon wafers). This method reported in [34] enables more efficient assem- 
bly and allows formation of large arrays of HWAs. Second, hot wires were made with thin 
film metal instead of polycrystalline silicon. This could reduce costs as the use of silicon 
bulk (as substrate) or thin film (as hot wire) is not required. By eliminating silicon doping 
and bulk etching steps, the fabrication process can be realized in more efficient manner. 

The schematic diagram of the new out-of-plane anemometer is shown in Figure 5.15. 
A thermal element is elevated from the substrate to a predetermined height that corre- 
sponds to the length of the support prongs. By elevating the thermal element away from 
the bottom of the velocity boundary layer, the thermal element experiences greater fluid 
flow velocity and exhibits greater sensitivity. The thermal element is electrically connected 
to the substrate through the support prongs as well. 

The hot wire is made of temperature-sensitive metal thin films. The polyimide sup- 
port is used because it provides the hot wire with needed structural rigidity without in- 
creasing cross-sectional area and thermal conductivity. The thermal conductivity of 
polyimide is low, almost two orders of magnitude lower than that of a metal, e.g., nickel 
(see Table 5.2). 
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In this work, the thickness of the polyimide thin film is roughly 2.7 um. If the thick- 
ness is much lower than this value, the mechanical rigidity will likely be degraded. On the 
other hand, if the thickness is much greater, there is concern that the polyimide support will 
decrease the frequency response of the HWA due to added thermal mass. 

The fabrication process utilizes an efficient 3-D assembly method called the Plastic 
Deformation Magnetic Assembly (PDMA), which was discussed in detail in Chapter 11 
and reference [35]. A brief discussion of this method is provided in the following. The 
PDMA process utilizes surface micromachined structures that are anchored to substrates 
with cantilever beams made of ductile metal materials (e.g., gold and aluminum). The mi- 
crostructure is attached to pieces of electroplated ferromagnetic material (e.g., Permalloy). 
By applying an external magnetic field, the ferromagnetic material is magnetized and in- 
teracts with the field to bend the microstructure out of plane. If the amount of bending is 
significant, the cantilever support hinges will be plastically deformed, resulting in perma- 
nently bent microstructures even after the magnetic field is removed. The process is very 
efficient and can be realized in parallel on the wafer scale. 

The overall fabrication process is shown in Figure 5.16. The starting wafer is silicon. 
However, the process can be performed on glass or polymer substrates as the overall 
temperature of the process is intentionally kept low. First, a chrome/copper/titanium metal 
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stack is evaporated and patterned as the sacrificial layer (Figure 5.16a). A 10-nm-thick 
chrome film serves as the adhesion layer. A 250-A-thick titanium thin film reduces the 
in-process oxidation of the 2500-A-thick copper film. A 2.7-um-thick photo-definable poly- 
imide (HD-4000) is spun-on, patterned via lithography, and cured at 350°C (Figure 5.16b) for 
2 hrs. This polyimide layer forms the support prong and part of the hot wire. A Cr/Pt/Ni/Pt 
film is then evaporated and patterned to form the thermal element (Figure 5.16c). The thick- 
ness of the Cr thin film, an adhesion layer, is 200 A.A 800-A-thick Ni resistor is sandwiched 
between two 200-A-thick Pt films, which are used to reduce possible oxidation of Ni while in 
operation because Pt is relatively inert at high temperatures. The authors then evaporate and 
pattern a 5000-A-thick Cr/Au film (Figure 5.16d) to serve as a mechanical bending element 
as well as electrical leads of the hot-wire filament. They electroplate a 4-um-thick Permalloy 
thin film on portions of the cantilever support prongs (Figure 5.16e). 

Sacrificial layer release is performed by using a solution containing acetic acid and 
hydrogen peroxide to selectively remove the copper thin film. PDMA assembly is carried 
out to lift the entire sensor out of plane (Figure 5.16i) by placing a permanent magnet (field 
strength 800 Gauss) at the bottom of the substrate. To finish the process, the device chip is 
then rinsed in de-ionized water and dried. 

The adhesion between the Au layer and the polyimide one is very important for device 
integrity. Without adequate adhesion, the polyimide and the gold film would separate during 
the PDMA assembly. One of the ways to improve adhesion was to use Cr as an adhesion layer 
and treat the polyimide layer by using O3 reactive ion etching (RIE) before the metal deposi- 
tion. Cr seems to be the adhesion layer of choice, and the RIE treatment creates a hydrophilic 
structure on the polyimide surface that enhances adhesion. Ti was initially used as the adhe- 
sion material for both the Au and the hot-wire element due to its good stability in chemical 
etchants and higher electrical resistivity. However, it failed to provide sufficient adhesion. 

For certain applications, it may be advantageous to be able to strengthen the bent 
hinge such that the HWA can operate at high flow speed. The mechanical rigidity can be 
reinforced by electroplating metals (Figure 5.16g). 

Thermal and electrical properties of materials used in this device are summarized in 
Table 5.6. All values are cited from [36] except for the thermal conductivity of polyimide, 
which is cited from product guideline of HD Microsystems. The steady state response of 
the sensor to air velocity has been experimentally obtained up to 20 m/s under both con- 
stant current and constant temperature modes. Frequency response up to 10 kHz has been 
demonstrated with the small thermal mass. 


TABLE 5.6 ‘Table of material property. 


Resistivity Thermal Conductivity, 
TCR (ppm) (Q-cm) x 10° k (W/cem°C) 
Tungsten 4500 4.2 173 
Platinum 3927 10.6 0.716 
Nickel 6900 6.84 0.91 
Polyimide - - 0.001 ~ 0.00357 


(PI 2611) 
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( NX 
= Case 5.7 Thermal Transfer Shear-Stress Sensor 


Flow shear stress in the boundary layer can be measured by direct and indirect methods. A 
shear-stress sensor based on direct measurement principle has been discussed in the previ- 
ous chapter. In future chapters, a few direct-measurement shear-stress sensors based on 
other position-sensing methods will be reviewed. 

Indirect measurement of flow shear stress can be achieved using thermal transfer 
principles. This case study will examine the design, fabrication, and characterization of a 
surface micromachined, indirect shear-stress sensor [37]. The sensor consists of a resistive 
element located on a substrate, residing at the bottom of a velocity boundary layer. Heat 
generated by the resistive element is lost to the fluid (by convection) and to the substrate 
(by conduction). The rate of heat loss from a heated resistive element to the moving fluid is 
dependent on the velocity profile in the boundary layer. 

The heated element creates a thermal gradient in the fluid as well. A thermal bound- 
ary layer is characterized as a region where temperature gradients are present in the fluid. 
Within the thermal boundary layer, fluid temperature decreases with increasing distance 
away from the heated element, until the temperature reaches that of the mean stream flow. 
Typical profiles of thermal and velocity boundary layers are illustrated in Figure 5.17. 

The steady state temperature of the resistor at constant input power corresponds to 
the rate of heat loss to the fluid. Analytical relationship between the shear stress (7) and 
the temperature of the heated resistor can be found under a few assumptions. These as- 
sumptions include: (1) the thermal boundary layer of the thermal element lies within the 
velocity boundary layer; (2) the thermal transfer in the span-wise direction can be ignored; 
(3) effects of natural convection are much smaller compared with forced convection. 

The temperature of the resistive element is inferred from its instantaneous resistance. 
The resistance (R) at temperature T is expressed as 


R= RA + a(T = T)), (5.25) 


where Ro is the resistance at the room temperature Tọ and a is the TCR of the resistor. 
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A fraction of the Ohmic heating input power is transferred to the flow while the rest 
is lost through the substrate. The power balance is expressed as 


PR = AT(A(pr)'/? + B), (5.26) 


where the term A equals 0.807A Cy 3k48 L13 "3, and B is pertinent to the conduction heat 
loss to the substrate. Here, A, is the effective area of the thermal element, C, the heat ca- 
pacity of the fluid, ky the thermal conductivity of the fluid, L the stream-wise length of the 
resistor, and u the viscosity. At a given shear stress and power input, the greater the term B 
is, the smaller the temperature difference (A T) will result. Increased heat loss to the sub- 
strate therefore contributes to lower sensitivity and detection limit. The heat loss to the 
substrate should be minimized in the design. 

Figure 5.18 shows the schematic top and side views of the shear-stress sensor. The 
heating and heat-sensing element is made of phosphorous-doped polysilicon. The resistor 
is 2-um wide and 0.45-ym thick; its length ranges from 20 to 200 um. The resistors are uni- 
formly doped to a low sheet-resistance value of 50 ©/L] with typical resistances between 
1.25-5 kQ at the room temperature for the range of resistor lengths indicated above. Each 
resistor is located at the center of a cavity diaphragm, which is typically 200 x 200 wm? in 
area and 1.5 wm in thickness. Two metalization wires, each 10-um wide, connect the polysil- 
icon resistor to the external electronics. 

The novel aspect of the sensor is that the diaphragm lies on top of a vacuum cavity, 
which minimizes the heat conduction from the diaphragm to the substrate through the gap. 
The diaphragm is separated from the bottom of the cavity by approximately 2 wm, with the 
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pressure inside the cavity being lower than 300 mTorr. This design feature offers effective 
thermal isolation between the heated element and the substrate. 

The heat isolation can be further improved by increasing the depth of the cavity, thus 
enhancing the thermal resistance from the diaphragm to the substrate. However, this would 
make the fabrication process more complex. 

The micromachining fabrication process is illustrated in Figure 5.19. First, a 0.4-um 
silicon nitride layer is deposited by low pressure chemical vapor deposition (LPCVD) and 
photolithographically patterned to define location and shape of the cavities. Each future 
cavity is defined as a 200 X 200 um? square window, in which the silicon nitride material is 
removed using plasma etching (with SF, gas), exposing the underlying silicon substrate 
(Step 1 in Figure 5.19). The silicon is etched by plasma etching or isotropic wet etching to 
reach a certain depth. The ideal depth of each cavity, measured from the silicon nitride sur- 
face to the bottom of the silicon surface, is carefully controlled to be 0.73 um. 

The etched trench is filled back with thermal oxidation growth (Step 2 in Figure 5.19). 
During a thermal oxidation process, oxygen atoms react with silicon in the exposed win- 
dows and converts silicon into silicon dioxide. The silicon/silicon dioxide interface moves 
further into the substrate. At the end of this oxidation process, 44% of the total oxide thick- 
ness will be contributed by oxidation below the original silicon surface. 

Thermal oxidation is a self-limiting process. As the oxide thickness increases, oxygen 
atoms find it much more difficult to penetrate the existing oxide to reach the buried oxide- 
silicon interface. Under practical processing time for the industry, the thickness of silicon 
oxide is on the order of 1.3 um. 


5.5 Applications 209 


A 1.3-ym-thick silicon dioxide is therefore grown using thermal oxidation at 1050°C 
in four hours. 56% of the oxide thickness, or about 0.73 um, occurs above the original air- 
silicon interface. This is the reason why the cavity depth is designed to be 0.73 wm. 

A 500-nm LPCVD sacrificial phosphosilicate glass (PSG) is then blanket deposited. 
The wafer is annealed at 950°C for an hour. The PSG layer is then patterned using pho- 
tolithography, to define the sacrificial layer and the etching channels overlying etch cavity 
(Step 3 in Figure 5.19). Unmasked PSG is etched away with buffered hydrofluoric acid 
within 20 seconds. 

Following the removal of the photoresist material, a 1.2 ~m-thick low-stress silicon 
nitride is then deposited as the diaphragm material (Step 4 in Figure 5.19). The silicon ni- 
tride material is selectively removed with SF6 plasma to expose the underlying sacrificial 
PSG. Both sacrificial PSG and the thermal oxide are completely etched away using (49%) 
hydrofluoric acid in 20 minutes. HF solution also etches silicon nitride, but at a very slow 
rate of approximately 40 A/min. 

After etching, the wafer is thoroughly rinsed in de-ionized (DI) water for 1 hour, to 
purge HF from within the empty cavity through out-diffusion. The water within cavities 
is then removed by spin drying the wafer at 7 krpm rotation speed; this is followed by 
convection-oven baking at 120°C for an hour to evacuate moisture inside the cavities. 

A second LPCVD silicon-nitride layer (400-nm thick) is deposited at approximately 
300 mTorr (0.04 Pa) and 850°C to seal the cavities under vacuum. Because there are still 
water molecules inside the cavities after the baking, the deposition chamber is purged in 
nitrogen ambient at 600°C for 30 minutes before deposition starts. This step completely 
removes residue moisture before the high-vacuum nitride deposition begins. 

The deposition of silicon nitride on the front is more pronounced than inside etch 
channels. The deposition profile at the entrance of etch holes is shown in Figure 5.20. The 
two deposition fronts eventually meet to permanently seal the cavity under low vacuum. 
The sealing performance has been experimentally investigated to reflect the influence of 
sealing materials (including silicon nitride, polysilicon, and oxide by LPCVD) and geome- 
tries of etch holes [38]. 

To form the resistor, a 450-nm LPCVD polysilicon layer is deposited at 620°C. The 
polysilicon film deposited at this temperature is completely crystallized with crystal grain 
sizes on the order of 600 A. Polysilicon doping is done by ion implantation with phosphorus 
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using a total dose of 1 x 10!° cm? at 40 keV of energy. The wafer is then annealed at 1000°C 
for 1 hour to activate the dopant and to reduce intrinsic stress in the as-deposited polysilicon 
material. The measured sheet resistivity of the polysilicon is 50 0/0. The polysilicon is then 
patterned and plasma etched to form individual resistors. Following the removal of the pho- 
toresist, another 100-nm layer of LPCVD silicon nitride is deposited to passivate the poly- 
silicon resistor. This film prevents resistance from long-term drifting due to spontaneous 
oxidation of the polysilicon resistor in air. 

Contact holes are patterned and etched in plasma to allow for access to the polysili- 
con resistor through the last silicon nitride layer. Finally, aluminum for wire leads is de- 
posited and patterned. 

Micrographs of the fabricated devices are shown in Figure 5.21. The area of the cavity 
is 200 X 200 um?; the resistor is 40 um long and 2 um wide. Since the cavity is held under 
vacuum, the diaphragm is bent down by the external atmospheric pressure so that optical 
interference patterns (Newton Rings) can be seen under the microscope. Figure 5.22 is a 
scanning electron micrograph of the polysilicon resistor. 

Comprehensive steady state and dynamic measurement of the sensor has been per- 
formed. Responses to fluid flow has been measured and matched with theoretical models. 
The frequency response of the sensors under constant current biasing is 9 kHz. 

Shear-stress sensors with similar architecture but different materials (e.g., parylene as 
membrane and metal as thermal resistors) have been made [39]. 

We mentioned earlier that the I-V characteristics can be used to experimentally mea- 
sure the thermal resistance associated with a thermal resistor. In this section, we will exem- 
plify this procedure by using the shear-stress sensor and variants. 

The I-V characteristics of three resistive elements, including the one on the shear- 
stress sensor, are measured experimentally. The structures of the three elements are 
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summarized below and shown in Figure 5.23. The first one, called a Type-1 device, is ex- 
actly the shear-stress sensor discussed earlier. It consists of a thin diaphragm that is sep- 
arated from the bulk substrate by a distance of 2 wm. The cavity is hermetically sealed 
under a low pressure. The second device, Type-2, is identical with the first one except for 
the fact that the cavity has a small hole in it. The cavity is therefore placed under the 
atmospheric pressure. The third heater is placed directly on top a room-temperature 
bulk substrate. 

Schematic diagram of thermal resistance network is shown in Figure 5.24. The ther- 
mal energy generated by ohmic heating is released to the air above and the substrate un- 
derneath. A portion of the heat is released into the surrounding air directly. For the three 
cases, the amount of heat released to the air is identical. The second path of heat transfer is 
through the substrate. For the Type-1 device, the heat must be conducted through the thin 
diaphragm first. As the cavity is well sealed under a low temperature with few air molecules 
for conducting heat, the heat transfer through the cavity to the substrate is minimal. For the 
Type-2 device, the heat can be conducted through the air molecules in the cavity and into 
the substrate. The thermal resistance associated with the Type-2 device is expected to be 
smaller than that of the Type-1 device. In the third case, the heat is transferred directly into 
the substrate, which is considered a heat sink. The thermal resistance is conjectured to be 
the smallest among all three cases. 

The I-V characteristics of a thermal resistive element can be used to determine the 
thermal resistance associated with it. Let us now review actual experimental results. The 
representative I-V characteristics of three resistors are shown in Figure 5.25. For the Type-1 
and Type-2 devices, the curvature of I-V curves at high input power (the produce of current 
and voltage) is obvious. The deviation from the straight line is caused by resistance changes, 
which is induced by ohmic heating under the measurement bias. The amount of curvature 
for the first case is greater than that for the second case. The Type-3 resistor shows an 
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almost linear relationship through the measurement range, indicating that the self-heating 
effect is not significant. 

One can find the relationship between the resistance and the applied ohmic heating 
power from the I-V characteristics. The following procedure will transform the I-V char- 
acteristics relation to relation between temperature and power input. 

Each data point along the I-V curve corresponds to a current I4 and a voltage Vy. For 
each measurement point, the ratio of the horizontal coordinate (voltage) and the vertical 
coordinate (current) represents the instantaneous resistance, i.e., 


Va 
Rico 
a= T 
The product of these two coordinates, on the other hand, produce the figure for the input 

power, according to 


(5.27) 


IPs = Vala. (5.28) 


One can therefore translate the I-V characteristics curve, point by point, into a curve 
representing the relation between resistance and input (R vs. P plot) (Figure 5.26). The re- 
sistance increases with the temperature and the input power, thus linear R-P curves are ex- 
pected. The greater the self-heating effect, the greater the slope of the curve. It is shown 
that the Type-1 device, with vacuum cavity thermal isolation, exhibits the greatest rise of re- 
sistance, indicating the strongest thermal isolation. 

If the TCR value of a thermal resistor is known, the temperature of a device can be 
deduced from its resistance measurement. The temperature difference between the resistor 
and ambient can be inferred from the resistance reading, according to 

Ra-Ro i 
Ro 
Se (5.29) 


ay 
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Therefore, the R vs. P curves can be further translated to plots showing the relationships 
between the temperature and the input power (T vs. P plot, Figure 5.27). The slope of a T 
vs. P line conveniently corresponds to thermal resistance of each case. 

The thermal resistance associated with a Type-2 device is 6.6 times greater than that 
of a Type-3 device, indicating the usefulness of the membrane. The thermal resistance asso- 


ciated with a Type-1 device is 8.9 times greater than that of a Type-3 device, confirming the 
benefits of vacuum sealing. 
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Infrared Sensors 


Thermal sensors are uniquely useful for detection of radiation, especially in the infrared (IR) 
spectrum. In this section, we discuss micromachined infrared detectors, a key technology in 
many military and civilian applications including night vision, environmental monitoring, bio- 
medical diagnostics, and non-destructive testing. Detectors of IR radiation can be broadly clas- 
sified into two categories: photonic and thermal. Photonic sensors have been made with 
materials that have energy bandgaps sufficiently small (e.g., 0.1 eV) to absorb IR radiation with 
8-14 um wavelength. (The photon energies corresponding to wavelength of 8 and 14 um are 
0.15 eV to 0.089 eV, respectively.) However, the small bandgap makes such devices susceptible 
to thermal noise. Such sensors are generally cooled under cryogenic conditions, at the expanse 
of equipment weight and complexity. Many military and civilian applications of infrared sen- 
sors would be hampered by the need to carry cryogenic cooling liquids. 

Another broad category of IR sensors that address this deficiency is based on photother- 
mal heating—they generally convert infrared radiation to heat by using a heat absorber. The 
absorbed heat increases the temperature of the absorber and its carrier. The temperature rise is 
in turn sensed in a number of ways, including using thermoresistors with high TCR values and 
proper thermal isolation. This constitute a large class of infrared sensors called bolometers 
[40, 41]. The temperature rise can also be detected using thermal couples [42] and mechanical 
displacement of thermal bimetallic beams [41]. 

Sensors based on thermal bimetallic beams can be further classified based on methods for 
detecting the bending, including piezoresistive [43], capacitive (Figure 5.28), and optical deflec- 
tion techniques [44]. Such sensing principles offer noise-equivalent temperature difference 
(NETD) on the same order of magnitude as cryogenically cooled infrared detectors (3 mK) 
[45, 46]. The bimetallic beams associated with IR absorber must have large thermal resistance, 
i.e., with large length and small cross section. Micromachining technology is ideal for realizing 
this class of sensors. In order to reach theoretical limit of detection, the thermal bimetallic beam 
must be optimized with respect to noise, thermal isolation, and response speed [47]. 

The bending induced by thermal absorption can be reported in many ways. We discuss an 
infrared sensor using thermal bimetallic beam and optical readout in Case 5.8. 
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( ~ 
= Case5.8 Bimetallic Structure for Infrared Sensing 


A microoptomechanical infrared receive with unique optical readout contains a focal 
plane array (FPA). Each pixel in the array consists of a bimaterial cantilever beam and a 
large plate, according to Figure 5.28 [46]. Absorption of the incident IR radiation by each 
cantilever beam raises its temperature, resulting in angular bimetallic deflection. An optical 
system is used to simultaneously measure the deflections of all the cantilever beams of the 
FPA and collectively project a visible image formed by reflecting off deflected plates. Using 
such an array, an IR scene is directly converted into a projected image in the visible spec- 
trum. Direct view optical readout eliminates the needs for electronics and wire leads. 
Each pixel consists of a plate made of two layers— silicon nitride and gold (Figure 5.29). 
The silicon nitride material has an absorption peak in the 8-14 um range. It has a much lower 
thermal conductivity and thermal expansion coefficient compared to those of Au. On the other 
hand, gold is used as a reflector of visible light. The overall length of the cantilever is 200 um. 
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The design of the support beams must balance several primary performance aspects: 


1. The thermal isolation between the absorber and the substrate should be as large as 
possible; 

2. The bending of the beam due to intrinsic stresses in the films should be as small as 
possible, to make the cantilever as flat as possible at zero influx; 


3. The sensitivity of the displacement vs. temperature change should be as large as 
possible. 


Let us examine the thermal resistance design aspect more closely. In designing each pixel, 
high thermal resistance of each pixel should be targeted to maximize the temperature rise 
of each beam for a given IR flux (q [W/m?]) and area A. Assuming the IR energy is 100% 
absorbed, temperature rise is 


AT = (gA)Rr, (5.30) 


where Rp is the effective thermal resistance associated with each absorber plate. The effec- 
tive thermal resistance from the IR absorber to the ambient consists of three parts connected 
in parallel: (1) thermal resistance associated with cantilever (Rz); (2) the conductance via 
surrounding air (Ryg); (3) thermal resistance associated with radiation (R7,). 

The cantilever is made of silicon nitride and does not contain any metal. Therefore, 
the expression for Ry; is 


US = ee 
wt 
where /, w, and t are the length, width, and thickness of the cantilever, the psiy the ther- 
mal resistivity. 

The heat loss associated with gas conduction can be minimized by operating the pixel 
in vacuum. 

The thermal resistivity associated with radiation must take account of the fact that ra- 
diation energy loss occurs on both front and back surfaces. Since radiation energy is the 
focus of sensing, the thermal resistance due to radiation must be account for. The effective 
thermal resistance associated with this membrane is 


AT AT 1 
RTR TEA 4 3° 
T (Etop + Ebottom) AAT a (Etop + Ebottom) AA T 


A simplified fabrication process is described below (Figure 5.29). The fabrication 
begins with a boron-doped silicon wafer with resistivity of 10 to 20 Qcm. The first step 
was deposition of a 5-wm-thick phosphorous silicate glass film as the sacrificial layer. The 
sacrificial layer is patterned and etched (step a). A low-stress silicon nitride layer is de- 
posited (with 1 wm thickness) and patterned, followed by thermal evaporation of gold 
thin film (0.5 wm thick). A layer of chromium with 10 nm thickness is deposited between 
the gold and the silicon nitride to enhance adhesion. The PSG layer is removed to release 
the beams. 
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It is found that gold and chromium thin films exhibit intrinsic tensile stress and pull 
the cantilever out of plane by about 10 um. This is undesirable because it shifts the optical 
FPA array out of focus. There are many ways to minimize or eliminate intrinsic bending. 
One idea discussed in the paper is to vary the deposition recipe of the silicon nitride so it 
actually consists of two distinct layers with different morphology and intrinsic stress. The 
bottom layer has strong tensile stress to compensate the stress of the gold/chromium layer. 
Although this method works in theory, it is difficult in practice as the film stress and thick- 
ness of gold and chromium changes from run to run. 


Other Sensors 


Here we discuss two specific applications to illustrate the power and versatility of thermal- 
transfer based sensing. The first one focuses on micro cantilevers with integrated thermal con- 
trol and temperature sensing elements for data storage and retrieval (Case 5.9). The second one 
is an end-point detector for the CVD deposition of Parylene thin film (Case 5.10). 


( ` 
: Æ Case5.9 Cantilevers for Data Storage and Retrieval 


Arrays of atomic force microscope cantilevers have been used for combined thermome- 
chanical writing and thermal-based reading [48-50]. Digital information can be stored as 
surface topological features. For example, depressed surfaces represent a digital state while 
surfaces of normal elevation represent another state. Writing with sharp scanning probe 
microscope tips provides for potentially high density of data storage (with dot spacing of 
250 nm) and high writing speed (heat pulse frequency >100 kHz and tip traveling speed 
greater than 2.4 mm/s). The bit writing has been performed in thin poly methyl methacry- 
late (PMMA) films, with the cantilever reaching 350°C for a bit writing (Figure 5.30). The 
writing demonstrated in [49] is done using a 1-um-thick, 70-um-long, two legged silicon 
cantilever. The heat can be provided by laser or integrated ohmic heater. The resistive 
heater region at the tip is formed by heavy ion implantation of the cantilever legs with the 
tip region being lightly doped. 

The heater cantilever used for writing was given the additional function of a thermal 
readback sensor by exploiting the temperature dependent resistance. The principle is dis- 
cussed in the following. Imagine that a steady heater power is sent to the SPM probe as it is 
scanned across a surface at constant elevation. Heat from the SPM probe is conducted 
through the tip, the tip-substrate air media, and the substrate. The distance between the end 
of a tip to the substrate (considered a heat sink) changes as the tip is moved across the sub- 
strate surface. When a tip is directly hovering above a region with flat topology, the distance 
between the end of a tip and the substrate is rather small. However, when the tip is directly 
located over a pit, the distance between the tip and the substrate is increased. The increased 
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distance translates into greater thermal resistance, and hence greater temperature of the 
tip and cantilever. 

The electrical resistance, mechanical stiffness and resonant frequency, and thermal 
transfer characteristics of the device are determined by the length and cross section of the 
two legs. Long legs increases the parasitic heating resistance Rz (undesirable), reduces the 
mechanical spring stiffness (desirable), lowers the resonant frequency (undesirable), and in- 
creases the thermal resistance and thermal response time (undesirable). An optimal design 
must balance the consideration of intersecting points based on sufficiently accurate models. 

The cantilever optimized for data writing is not necessarily optimized for thermal 
data reading. This work aims to optimize the cantilevers concurrently for data writing and 
reading. The cantilever sensitivity for data reading of a 100-nm deep bit is characterized. 
The thermal reading sensitivity is as high as 4 X 10 4/nm in terms of vertical displacement, 
with the resistance per cantilever being 5.1 kQ. 


( ~ 
~ Case5.10 Process Monitor for Parylene Deposition 


Parylene has been used to fabricate micro electromechanical devices such as microfluidic 
circuits, micro-injectors, and valves/pumps, to name a few. Since the film is used to function 
as a mechanical structure, the thickness becomes an important parameter that determines 
the performance specifications of sensors and actuators. 
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The schematic diagram of an Parylene thickness monitor is shown in Figure 5.31 
(part a and b) [51]. The sensor consists of a heating element and a temperature sensor. The 
heater and the temperature sensor are located at distal ends of two diving-board-type can- 
tilever beams. The distance between the distal ends of the two cantilever beams, denoted 
d, is well defined in the mask layout. Using microlithography, the size of the gap can be 
accurately defined. 

Parylene is deposited in a low-pressure environment, with the typical deposition pres- 
sure ranging from 20 to 40 mTorr. When a sensor with an open gap is placed in a vacuum, 
the thermal conduction through the gap is negligible. As Parylene is deposited in a confor- 
mal fashion, the distance between the two distal ends of cantilevers is gradually reduced 
(Figure 5.31c). When the Parylene thickness reaches d/2, the two Parylene fronts will meet, 
thereby filling the gap and completing a thermal conduction path (Figure 5.31d). As the 
gap is filled with Parylene, a thermally conducting medium, heat can be transferred by both 
the first and the second transfer modes. Heat generated by the heater now has a “thermal 
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Dimensions of a typical sensor that consists of a heater and a thermal resistor. 


short-cut” to reach the temperature sensor. This change of thermal transfer characteristic is 
used to infer the process end point. A single sensor with a gap d can indicate when the 
Parylene thickness reaches d/2. 

Microfabrication technology is essential for the successful implementation of such an 
end-point detector. Optical lithography and micromachining allow the cantilever beams to 
be narrow and thin, thereby reducing the heat transfer from the heater to the substrate. 
This increases the time constant associated with the second heat-transfer mode, allowing 
the presence of the first transfer modes to be detected easily. It also reduces unnecessary 
heat loss and power consumption. Furthermore, optical lithography is critically important 
to precisely define the gap distance d. 

The configuration of a typical sensor is shown in Figure 5.32. The thickness of the can- 
tilever beams is 40 um. The value of the effective thermal resistances associated with the 
temperature sensor and the heater is 1.3 X 10’ W/K, assuming that the thermal conductiv- 
ity of silicon is 149 W/m » K. Generally speaking, it is advantageous to use thin and narrow 
beams to increase the thermal resistances. However, metal leads exhibit intrinsic stress, 
which may bend the supporting cantilever beams. The bending could become significant 
compared to the gap spacing (d) if the silicon beam is overly thin. This would alter the ef- 
fective distances between the heater and sensor. On the other hand, if the beams are overly 
thick, the heat transfer associated with the heater and temperature sensor will be reduced. 
The device would require more power to operate. 

To avoid distortion of gap spacing due to intrinsic stress, single crystal silicon was 
used for the cantilever beams. Single crystal silicon material has very little intrinsic stress. 
The thickness of the beams is carefully controlled in process. 

Patterned metal resistors located on silicon beams perform heating and sensing. 
The temperature coefficient of resistance (TCR) is found to be 0.14%/°C. A series of 
square-wave pulses with a constant magnitude (5 V) and pulse width (5 s) are applied 
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periodically throughout a run. A typical output waveform before the gap closure is 
shown in Figure 5.33. As the power is suddenly increased, the resistance (and therefore 
temperature) of the sensor increases exponentially with a measured time constant on 
the order of hundreds of seconds. After the power is cut off, the resistance value gradu- 
ally returns to the original level. 

A representative plot of the sensor response after gap closure is shown in Figure 5.34. 
It is obvious that the resistance of the temperature sensor changes rapidly upon application 
of the power. This rapid change is caused solely by the fact that the heat pulse travels di- 
rectly across the gap, now bridged by Parylene, to the temperature sensor. The rate of resis- 
tance change then slows, indicating that the substrate heating effect has taken over. After 
the power is turned off, it is again seen that the resistance decreases rapidly before the sub- 
strate heating effect catches up. 
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SUMMARY 


At the end of this chapter, a reader should understand the following concepts and facts, and be 
able to perform the following analysis: 
Qualitative Understanding and Concepts: 


e Physical principle and first-order mathematical description of major temperature sensing 
methods: thermal beam bending, thermal couples, and thermal resistors. 

e Three major forms of heat transfer and their governing equations. 

e Definition of thermal resistance in the case of conduction, convection, and radiation. 


e Method for directly extracting the value of thermal resistance associated with an ohmic- 
heated thermal resistive element. 


e The principle of thermal couple measurement. 
Quantitative Understanding and Skills: 

e Procedures for experimentally estimating the temperature coefficient of resistance of a 
thermal resistor. 

e Calculation of conductive thermal resistance associated with a microstructure. 


e Calculation of thermal bimetallic bending based on simple geometries. 


PROBLEMS 


For homework exercises in this chapter, use the parameters in this table unless instructed specifically 
otherwise. 


Category Parameter Value 
Young’s Modulus Silicon 120 Gpa 
Silicon nitride 385 Gpa 
Gold 57 GPa 
Fracture strain Silicon 0.9% 
Silicon nitride 2.0% 
Thermal expansion Gold (Au) 14.2 ppm/°C 
coefficient Aluminum (Al) 25 ppm/°C 
Nickel 13 ppm/°C 
Silicon and polysilicon 2.33 ppm/°C 
Density Silicon 2330 
(kg/m°) Silicon nitride 3100 


£0 8.854 x 10°!2 F/m 
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SECTION 5.1 


Problem 1: Review 


Derive analytical expressions for thermal resistance associated with convection and radiation cases. 


SECTION 5.2 
Problem 2: Design 


For a 1-mm long gold-silicon composite beam (fixed-free boundary conditions), the vertical displacement 
at the end of the beam is 20 um when the temperature of the beam is heated by 10 degrees above the room 
temperature. Estimate the angular and vertical displacement if the temperature is raised to 30 degrees. The 
formula for calculating the bending curvature is 


1 _ Ow WE Eotto(ty + t)(ay — AT 
r (wy Ey tt)? F (w2E ots)? F 2wıwE1 Eth (26 + 3th + 2) 


Show analysis steps in answer. (Hint: use Taylor series expansion to approximate the function Cos(0) 
when @ is small.) 

1. vertical displacement = 60 um, angular displacement = 6.9 degrees 

2. vertical displacement = 49 um, angular displacement = 2.3 degrees 
3. vertical displacement = 49 um, angular displacement = 15 degrees 
4 


. vertical displacement = 60 um, angular displacement = 15 degrees 


Answer: 


Problem 3: Design 


A bimetallic cantilever beam is made of two components with same length. The material on top (denoted 
Material 2) is gold, whereas the materials on the bottom (Material 1) is SCS (single-crystal silicon). The 
width of both segments is 10 um. The length of both segments is 1 mm. The Young’s modulus of Gold and Si 
are E) = 57 GPa and E; = 150 GPa, respectively. The thickness of Gold and Silicon sections is n = 0.5 wm 
and 4 = 1.5 wm, respectively. The thermal expansion coefficients of Gold and Silicon is a7 = 14 ppm/°C and 
a, = 2.33 ppm/°C, respectively. Find the radius of curvature (r) of the cantilever beam when the beam is 
uniformly heated to 20°C above the room temperature. Determine the amount of vertical displacement at 
the free end of the beam under this condition. 


Problem 4: Design 


Derive analytical expression of output force generated by a bimetallic cantilever beam under a given tem- 
perature change AT. 


Problem 5: Design 


A 100-um-long longitudinal aluminum rod is subjected to a uniform change of temperature. The temper- 
ature is raised 20°C above the ambient. Calculate the amount of lateral elongation. What is the elongation 
if a temperature gradient is present, being 20°C above the ambient at one end and at the ambient temper- 
ature at another. 
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SECTION 5.3 
Problem 6: Design 


Two pieces of metal wires are connected in a thermal couple configuration as follows. The temperature at 
point 1 is higher than the temperatures at points 2 and 3. There are three possible metals. (1) Chromel, 
with Seeback coefficient = 30 wV/K), (2) Alumel, with Seeback coefficient = —11 uV/K, (3) Iron, with 
Seeback coefficient = 10 uV/K. Which of the following statement would be correct? Which one gives the 
best temperature sensitivity? Show your analysis steps. 


metal 1 


= welded 


metal 2 


1. Metal 1 = Chromel, Metal 2 = Chromel, produces maximum possible thermal couple sensitivity of 
60 wV/K; 


2. Metal 1 = Alumel, Metal 2 = Chromel, produces maximum possible thermal couple sensitivity of 
30 uV/K 


3. Metal 1 = Iron, Metal 2 = Alumel, produces maximum possible thermal couple sensitivity of 
21 uV/K 


4. Metal 1 = Chromel, Metal 2 = Alumel, produces maximum possible thermal couple sensitivity of 
41 wV/K. 


Answer: 


SECTION 5.4 


Problem 7: Design 
Three polysilicon thermal resistors with the TCR values of (1) Resistor 1, œ = 1000 PPM/°C,(2) resistor 
2, a = 2000 PPM/°C, and (3) resistor 3, a = —1000 PPM/°C. An I-V curve measurement is conducted 
on these three resistors. Which of the following I-V and R-P curves (A through F) are likely to be true? 
Explain your analysis. 


An Bw N 
7mMouaw 


Problems 225 


= 
a 
\ oO 
te FE 
< mr 
= 
+ 
N 
He 
+ — 
Ù 
< 


I 
#3 
#1 
#2 
Vv 
R R R 
#2 #3 #2 
#1 #2 #1 
#3 #1 #3 
P P 
(a) (b) (c) 
I 
#2 #1 
#3 
V 
#3 
#2 
#1 
(d) 


~ 


A 
\, 
+ HE 
< = 
z 
+ 
N 
+ 
He = 
< W 


s 
nw 


R #2 #2 
#1 #1 
#3 #3 
P P P 
(e) (f) 


SECTION 5.5 
Problem 8: Design 


Develop an analytical formula to estimate the vertical displacement of the cantilever discussed in Ref. [10] 
of Case 5.1. Although the displacement is large and linear models no longer apply, try to use the linear 
model nonetheless and obtain an estimate, and compare with experimental results. 


Problem 9: Fabrication 


For Case 5.1, draw mask patterns for each step that requires a mask. The drawing of elements including re- 
sistors, cantilever, and joint does not have to be precise but should be kept roughly to scale according to 
information provided in the paper. Use a specialized drawing layout drawing software. 
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Problem 10: Fabrication 


For Case 5.1, draw the cross-sectional view of the fabrication process. Focus on showing the flow at the 
anchor region [10]. 


Problem 11: Design 

For Case 5.2, estimate the electrostatic force and voltage necessary to hold the bimetallic flap in the down 
position, based on geometries given in [10]. 

Problem 12: Fabrication 


For Case 5.2, draw detailed fabrication process according to the process flow illustrated in Fig. 5 of Ref. [11]. 


Problem 13: Fabrication 


For Case 5.2, draw detailed fabrication process with a cross-sectional view of an individual flap. Find 
the etch rate selectivity between an etchant (or development agent) in each step to other materials 
present. 


Problem 14: Design 


For Case 5.3, polysilicon is used as the structural layer. Can you develop a fabrication process for realizing 
a lateral actuator using the Polyimide PIQ-3200 [the one used in Case 5.3] as the structural layer? What 
are the related design considerations? Find ways to integrate heating elements without causing out-of- 
plane intrinsic bending. 


Problem 15: Fabrication 


For Case 5.3, find the total power applied to the arm when the applied voltage is 14 V. Related design 
parameters are outlined in Reference [15]. 


Problem 16: Challenge 


For Case 5.3, derive an analytical formula to calculate the horizontal bending due to expansion of thermal 
stress for the case where the two arms have different length but identical cross section [15]. Compare your 
analytical formula with the experimental results. 


Problem 17: Design 


For Case 5.6, determine the thermal resistance associated with the elevated heating elements, if the ele- 
ment is 1 mm long. The multilayer nature of the support beam should be taken into consideration, as well 
as the fact that the heating element is hoisted by two beams. Limit your calculation to four materials: poly- 
imide, electroplated Permalloy, Pt, and Nickel. 


Problem 18: Fabrication 


For Case 5.6, develop a fabrication processes by which the heater and the sensors can be fully integrated 
with a chip consisting of integrated circuits. The heater and the sensors are to be suspended with high 
resistivity bridges to reduce the thermal consumption. Draw a compressed fabrication process showing 
critical steps. 


Problem 19: Fabrication 


For Case 5.7, determine the reason why polysilicon is used as the thermal resistor. If the resistor were 
made of metal, what changes would be necessary in terms of design and fabrication? 
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Problem 20: Fabrication 


For each step in the process depicted in Figure 5.29, find the correct etching agent and identify the etch 
rate selectivity on all materials exposed to it. 


Problem 21: Design 


For Case 5.10, if the amount of intrinsic bending at the folded beams attached to the mirror is 10 wm, find 
the magnitude of the intrinsic stress in the metal layer, assuming the stress is contributed by the chromium 
layer alone (i.e., ignoring the contribution of the gold layer). The intrinsic stress is silicon nitride is as- 
sumed to be zero. 

The Young’s modulus, thickness, Poisson’s ratio, and width of the chromium layer are 279 GPa, 10 
nm, 0.21, and 3 um. 

The Young’s modulus, thickness, Poisson’s ratio, and width of the silicon nitride layer are 385 GPa, 
1 wm, 0.29, and 3 um. 


Problem 22: Design 


Design an accelerometer using the thermal sensing principle discussed in Case 5.9. Estimate the analytical 
expression of its sensitivity, assuming the resistance sensitivity is given in Case 5.9. Draw a complete, real- 
istic, and robust fabrication process. 


Problem 23: Design 


Refer to the design of the Parylene end-point sensors discussed in Case 5.10. Calculate the value of ther- 
mal resistance associated with the two beams on which heater and temperature sensors are located. 


Problem 24: Challenge 


Design an arrayed tactile sensor using the thermal sensing principle discussed in Case 5.9. Develop a real- 
istic individual address method. Develop a fabrication process. The tactile sensor must involve elastomer 
material (e.g., Polydimethylsiloxane or Parylene) as the final cover. Discuss the power consumption of a 
10 by 10 tactile pixel array (excluding electronics). 


Problem 25: Challenge 


Design a pressure sensor based on a thermal sensing principle. Develop a fabrication process for such a sensor. 


Problem 26: Challenge 


Develop an alternative design for in-situ Parylene thickness monitor. Compare the relative advantages 
and disadvantages of the sensor compared with [51]. 


Problem 27: Challenge 


Review technologies for low cost, robust finger print sensors. Discuss a finger print sensor based on ther- 
mal sensing technology, and discuss relative merits and disadvantages. Develop a fabrication process for 
the device. Discuss a series of characterization tasks to perform on the device. 
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6.1 


CHAPTER 6 


Piezoresistive Sensors 


PREVIEW 


Piezoresistivity is a common sensing principle for micromachined sensors. Doped silicon, in 
particular, exhibits remarkable piezoresistive response characteristics among all known 
piezoresistive materials [1, 2]. In this chapter, I will first review the origin of and general ex- 
pression for piezoresistivity (Section 6.1). A number of representative piezoresistive materials, 
including single crystal silicon and polycrystalline silicon, are reviewed in Section 6.2. Piezore- 
sistive elements respond to internal strains in mechanical elements. In Section 6.3, I will discuss 
methods and formula for estimating the magnitude of internal strain in beams and membranes 
under simple loading conditions. The design, fabrication process and performance of a few rep- 
resentative piezoresistive sensors are discussed in detail in Section 6.4. 


ORIGIN AND EXPRESSION OF PIEZORESISTIVITY 


First discovered by Lord Kelvin in 1856, the piezoresistive effect is a widely used sensor princi- 
ple. Simply put, an electrical resistor may change its resistance when it experiences a strain and 
deformation. This effect provides an easy and direct energy/signal transduction mechanism be- 
tween the mechanical and the electrical domains. Today, it is used in the MEMS field for a wide 
variety of sensing applications, including accelerometers, pressure sensors [3], gyro rotation 
rate sensors [4], tactile sensors [5], flow sensors, sensors for monitoring structural integrity of 
mechanical elements [6], and chemical/biological sensors. 

The resistance value of a resistor with the length being / and the cross-sectional area A is 
given by 


l 


R= Px: (6.1) 


The resistance value is determined by both the bulk resistivity (p) and dimensions. Conse- 
quently, there are two important ways by which the resistance value can change with applied 
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strain. First, the dimensions, including length and cross section, will change with strain. This is 
easy to understand though the relative change in dimensions is generally small. Note that trans- 
verse strains may be developed in response to longitudinal loading. For example, if the length 
of a resistor is increased, the cross section will likely decrease under finite Poisson’s ratios 
(Figure 6.1). Secondly, the resistivity of certain materials may change as a function of strain. The 
magnitude of resistance change stemming from this principle is much greater than what is 
achievable from the first one. 

By strict definition, piezoresistors refer to resistors whose resistivity changes with applied 
strain. Metal resistors change their resistance in response to strain mainly due to the shape de- 
formation mechanism. Such resistors are technically called strain gauges. The resistivity of 
semiconductor silicon changes as a function of strain. Silicon is therefore a true piezoresistor. In 
this chapter, both semiconductor piezoresistors and metal strain gauges are discussed. 

The fact that the resistivity of semiconductor silicon may change under applied strain is 
fascinating. The reason for the strain dependence of resistivity is explained as follows. Recall 
from Chapter 3 that the resistivity of a semiconductor material depends on the mobility of 
charge carriers. The formula for the mobility is 

qt 
me 


u= (6.2) 
where q is the charge per unit charge carrier, 7 the mean free time between carrier collision 
events, and m* the effective mass of a carrier in the crystal lattice. Both the mean free time and 
the effective mass are related to the average atomic spacing in a semiconductor lattice, which is 
subject to changes under applied physical strain and deformation. The quantum-physical expla- 
nation of the piezoresistive effect is further explained in [7]. 

Let us now focus on the macroscopic description of the behavior of a piezoresistor under 
a normal strain. The change in resistance is linearly related to the applied strain, according to 


= = Ge, (6.3) 


The proportional constant G in the above equation is called the gauge factor of a piezoresistor. 
We can rearrange the terms in this equation to arrive at an explicit expression for G, 


AR 
R AR 

G= “AL = GR (6.4) 
I 


The resistance of a resistor is customarily measured along its longitudinal axis. Externally 
applied strain, however, may contain three primary vector components—one along the 
longitudinal axis of a resistor and two arranged 90° to the longitudinal axis and each other. 
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A piezoresistive element behaves differently towards longitudinal and transverse strain 
components 

The change of measured resistance under the longitudinal stress component is called lon- 
gitudinal piezoresistivity. The relative change of measured resistance to the longitudinal strain 
is called the longitudinal gauge factor. On the other hand, the change of resistance under trans- 
verse strain components is called transverse piezoresistivity. The relative change of measured 
resistance to the transverse strain is called the transverse gauge factor. 

Research has been conducted on single crystal silicon doped piezoresistors [8] and poly- 
crystalline silicon doped piezoresistors [9, 10], about the effects of doping types (n or p type), 
doping concentration, and ambient temperature. It is important to know that the gauge factor 
is a function of doping concentrations. Further, the resistance changes with respect to the 
temperature, and even the gauge factor changes as a function of temperature. 

For any given piezoresistive material, the longitudinal and transverse gauge factors could be 
different. It is important to realize that longitudinal and transverse strains are often present at the 
same time though one of them may play a clearly dominating role. The total resistance change is 
the summation of changes under longitudinal and transverse stress components, namely 


AR AR AR 
R = R + R = Giongitudinal * Elongitudinal + Gtransverse’ transverse (6.5) 
longitudinal transverse 


Three cases of piezoresistive force sensors are schematically illustrated below to exemplify lon- 
gitudinal and transverse piezoresistor configurations. Strain gauges, represented by the resistor 
symbol, are bonded to the outer surfaces of rods which are subjected to external loading forces. 
Different resistor orientations and external force loading directions are presented (Figure 6.2). 
In the case illustrated in Figure 6.2a, the longitudinal piezoresistance dominates. In the cases 
illustrated in Figure 6.2b and c, transverse piezoresistances dominate. 

Resistance changes are often read using Wheatstone bridge circuit configuration. A basic 
Wheatstone bridge consists of four resistors connected in a loop. An input voltage is applied 
across two junctions that are separated by two resistors. Voltage drop across other two junc- 
tions forms the output. One or more resistors in the loop may be sensing resistors, whose resis- 
tances change with the intended variables. In the bridge shown in Figure 6.3a, one resistor (R1) 
is variable by strain. The other resistors— Rp», R3, and R4, are made insensitive to strains by 
locating them in regions where mechanical strain is zero, such as on rigid substrates. 
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The output voltage is related to the input voltage according to the following relationship, 


R> R4 ) 
= ii 6.6 
Vout ( R; de R> R3 Ba R, Vin ( ) 


In many practical applications, all four resistors share an identical nominal resistance 
value. A representative case is shown in Fiure 6.3b. In this case, the resistance of the variable 
resistor (sensor) is represented as 


R, = R + AR. (6.7) 


whereas the nominal resistance values of other three resistors are denoted R. The output volt- 
age is linearly proportional the input voltage according to 


V, = apa) 6.8 
out 9 IR+ AR in’ (6.8) 


Most piezoresistors are temperature sensitive. For the purpose of eliminating the effect of 
changing environmental temperature on the output, the Wheatstone bridge is particularly 
effective. Variation of environmental temperature would cause changes to all resistances in the 
bridge with the same percentage. Hence the temperature variation would cause the numerator 
and the denominator of the right-hand terms of Equation 6.8 to be scaled by an identical factor. 
The temperature effect is therefore cancelled out. 


PIEZORESISTIVE SENSOR MATERIALS 
Metal Strain Gauges 


Metal strain gauges are commercially available, often in the form of metal-clad plastic patches 
that can be glued to surfaces of mechanical members of interest. Resistors are etched into the 
metal cladding layer. Typical strain gauge patterns are shown in Fiugre 6.4. A zigzagged con- 
ductor path is commonly used to effectively increase the length of the resistor and the amount 
of total resistance under a given area. 

Some of the criteria that are applied when selecting a metal strain gauge include: accuracy; 
long-term stability; cyclic endurance; range of operational temperature; ease of installation; tolera- 
ble amount of elongation; and stability in harsh environment. To satisfy these requirements, com- 
mercial metal strain gauges are often not made of pure metal thin films but of tailored metal alloys. 
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For micromachined sensors, the sizes of devices are very small. It is impractical to bond or 
attach discrete strain gauges to devices. Instead, strain gauges are fabricated on mechanical 
beams and membranes using monolithic integration processes. 

Metal resistors are generally deposited (by evaporation or sputtering) and patterned. 
Elemental metal thin films can be used as strain gauges in MEMS, with their gauge factors 
ranging from 0.8 to 3.0. The sources and procedures for depositing elemental metal films are 
readily available. 

Strain gauges made of thin film metals do not compare favorably with semiconductor 
strain gauges in terms of piezoresistive gauge factors. However, metal can generally sustain 
much greater elongation before fracture. As such, metal resistors can be placed on polymer ma- 
terials for polymer MEMS devices (e.g., tactile sensors [11]) and provide improved mechanical 
robustness compared with silicon counterparts. 


Single Crystal Silicon 


Semiconductor strain gauges are made by selectively doping silicon [1,2, 12]. The piezoresistive 
coefficients of a doped single-crystal silicon piezoresistor are influenced by its relative orienta- 
tion to crystallographic directions. If we consider a rectangular coordinate system having arbi- 
trary orientation with respect to the crystallographic axes of a homogeneous semiconductor, 
the electric field components E; and current density components i; are related by a symmetric 
resistivity matrix as in 


Ex pı Pé Ps |f tx 
Ey} =| Pe PR pa || ly }- (6.9) 
E; ps pa p3_}\iz 


This is the familiar Ohm’s law expressed in a matrix form. From routine applications of Ohm’s 
law, we are used to thinking of the relation between potential differences and current as involv- 
ing only a scalar constant of proportionality. This is obvious for a one-dimensional conductor 
such as a link in a circuit. However, for electrical conduction in a three-dimensional single- 
crystalline media, the current density and the potential gradient will not in general have the 
same direction. 
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What is the relation between changes of resistivity (p;i = 1-6) and the applied 
strain? Recall from Chapter 3 that there are six independent stress components in a 3D 
space: three normal stresses (o,,,@yy, and o;z) and three shear stresses (Ty, Tyz, and 7,,). 
Their notations have been further unified and simplified according to the scheme 
Ox, — >T, yy — >To, Ozz — >T, Tys — >T4, Txz — T5, and Tyy — >To. Changes to the six 
independent components of the resistivity matrix, pı through p6, are related to the six 
stress components. 

In the case of silicon, if the x, y and z axes are aligned to the <100> crystal axes of silicon, 
the relation between resistivity and stress expressed in a matrix equation format is 


Ap1/Po ™ m2 Tmp 0 0 0 |/T 
Ap2/po m2 mu ma 0 0 O |] Th 
AP3/Po m2 m2 mu 0 0 O | T3 
ka PEIS 0° 0 0 ey a 
Aps/po 0 0 0 O may 0 |) Ts 
Ape/po 0 0 0 0 0 m4 }\ To 


where pọ is the isotropic resistivity of the unstressed crystal and the terms 77;; the component 
of the piezoresistance tensor. There are three independent piezoresistive coefficient matrix: 
1711457712, and TT 44. 

The piezoresistive coefficients of single crystal silicon are not constants but are influenced 
by the doping concentration [8, 13], type of dopant [8, 13], and the temperature of the substrate 
[2, 8]. Different elements of the m matrix—7 11, T12, and T44, are affected differently by tem- 
perature and doping concentrations. For both p- and n-type silicon, the value of piezoresistive 
coefficient decreases with increasing temperature and doping concentration. The values of 
11,7712, and T44 for single crystalline silicon under certain doping concentration and dopant 
types have been experimentally characterized. Several typical values for selected doping con- 
centrations are listed in Table 6.1. 

However, all 36 of the coefficients in the coefficient matrix [m] may be nonzero when re- 
ferring to a Cartesian system of arbitrary orientation relative to the crystallographic axes [14]. 
In the case of silicon, the components of the m matrix change if the x, y, and z axes are not 
aligned to <100> directions. 


TABLE 6.1 ‘Table of piezoresistivity components for single crystal silicon 
under certain doping values. 


Piezoresistance 

coefficient n-type p-type 

(do! Pa!) (resistivity = 11.7 Q cm) (resistivity = 7.8 Q cm) 
T11 —102.2 6.6 

T12 53.4 -11 


T44 —13.6 138.1 
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TABLE 6.2 Formula for transverse and longitudinal gauge factors for various 
commonly encountered resistor configurations. 


Direction Direction Piezoresistive 

of strain of current Configuration coefficient 

<100> <100> Longitudinal T11 

<100> <010> Transverse T12 

<110> <110> Longitudinal (my + T12 + T44)/2 
<110> <110> Transverse (m11 + m12 — T44)/2 
<111> <111> Longitudinal (amy + 2T12 + 27744)/2 


Table 6.2 summarizes the effective longitudinal and transverse piezoresistive coefficient 
for most commonly occurring cases, when the piezoresistor points in <100>, <110> or 
<111> directions [2, 15]. 

The effective piezoresistive gauge factors attributed to each case in Table 6.2 are deter- 
mined by multiplying the piezoresistive coefficient with the Young’s modulus in the direction of 
the applied strain. Recall that the Young’s modulus of silicon is a function of the crystal direc- 
tions as well, as outlined in Chapter 2. 

For high-precision sensor applications, it is important to keep in mind that piezoresistive 
sensitivity is not exactly constant. A second order correction term can be added to Equation 6.3 
if necessary [2, 13]. However, the treatment of this topic is beyond the scope of this text. 


Example 6.1 Longitudinal and Transverse Piezoresistivity 


A longitudinal piezoresistor is embedded on the top surface of a silicon cantilever near the an- 
chored base. The cantilever points in the <110> direction. The piezoresistor is p-type doped 
with resistivity of 7.8 Q cm. Find the longitudinal gauge factor of the piezoresistor. 


Solution. The longitudinal piezoresistive coefficient is 


(6.6 — 1.1 + 138.1) x 107! 
2 


(741 + T12 + T44)/2 = = 71.8 X 1071! Pa 


The Young’s modulus of single crystal silicon is 168 GPa in the <110> orientation. The effec- 
tive gauge factor is 


G = 71.8 x 10 '(1/Pa) x 168 x 10°(Pa) = 120.6 


Appropriate doping concentration must be carefully selected when designing silicon 
piezoresistors. A successful design must balance the needs to have appreciable resistance value, to 
maximize the gauge factor and to minimize temperature effects. The doping concentration affects 
these three performance concerns. The gauge factor is a function of the doping concentration. 
The temperature coefficient of resistance (TCR) of a piezoresistor ideally should be as small as 
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possible to minimize effects of temperature variation. For piezoresistors made of doped silicon, 
the TCR is a function of the doping concentration (see Section 5.4. of Chapter 5). 


Polycrystalline Silicon 


Polysilicon piezoresistors behave differently from ones made in single-crystal silicon. As 
MEMS piezoresistors, polysilicon offers a number of advantages over single crystalline silicon, 
including the ability to be deposited on a wide range of substrates [9, 10]. The polycrystalline 
silicon also exhibits piezoresistivity but the gauge factor is much smaller compared with that of 
single crystalline one. The gauge factor is not dependent on the orientation of the resistor 
within the substrate plane. However, it is influenced by growth and annealing conditions. 

Polysilicon used in the MEMS field are required to have low stress and good conformal- 
ity. There are subtle but important distinctions from polysilicon used in electronic devices in 
terms of material microstructures and processes [16]. 


STRESS ANALYSIS OF MECHANICAL ELEMENTS 


It is important to be able to analyze the stress and strain distribution in a mechanical element 
under a given applied force or torque. The loading condition can be simple, e.g., a point force 
acting at one location of the structure, or complex, e.g., simultaneous torque and force loading 
in a distributed, nonuniform manner. In this textbook, I will use simple cases to exemplify the 
process. The general process for analyzing the internal distribution of stress uses the free-body 
isolation technique was introduced in Chapter 3. 


Stress in Flexural Cantilevers 


In Section 3.4.2. of Chapter 3, we discussed the distribution of longitudinal stress of beams 
under pure bending. Let us now consider a cantilever under a concentrated, transverse loading 
force applied at the free end. This situation is encountered very frequently in MEMS design. 
The transverse force loading introduces both longitudinal strains and shear strains. In this text- 
book, the shear stress components are ignored. 

The distribution of longitudinal stress is first described qualitatively (Figure 6.5). Under a 
transverse loading of a concentrated force at the free end, the torque distribution through the 
length of the beam is nonuniform—it is zero at the free end and reaches a maxim at the fixed 
end. At any cross section, the signs of longitudinal stresses change across the neural axis. The 
magnitude of stresses at any point on the cross section is linearly proportional with respect to 
the distance to the neutral axis. 

The magnitude of the maximum stress associated with individual cross sections changes 
linearly with respect to the distance to the free end, reaching a section-wide maxim at the top 
and bottom surfaces. These are the reasons why piezoresistors are commonly found on the sur- 
face of a cantilever and near the fixed end. 

Quantitatively, the magnitude of stresses at arbitrary locations along the length of the 
cantilever can be calculated by following a procedure similar to the one discussed in Chapter 3. 
The length of the cantilever is L. An x-axis starts at the free end and points towards the fixed 
end. The normal stress at any given cross section (located at x) and distance h to the neutral 
plane is denoted a(x, h). The total reactive torque associated with a cross section is simply the 


6.3 Stress Analysis of Mechanical Elements 239 


area integral of normal force acting on any given area dA, called dF(x, h), multiplied by the arm 
distance between the force and the neutral plane; namely, 


ed arin e (6.11) 
A = 


wh 


Under the assumption that the magnitude of stress is linearly related to h and is the greatest at 
the surface (denoted o,,,,(x)) at any cross section, the torque balance equation at any given 
cross section yields 


m=) oma) 7 dA fn. (6.12) 
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The maximum strain for the entire cantilever occur at the fixed end, where x = L. In 
fact, in many routine design tasks, the sole interest is to find the magnitude of the maximum 
stress/strain at the fixed end. The maximum strain is expressed as a function of the total 
torque M(x), 


_ M(x)t _ FLt 
Emax ORT > ET 


(6.13) 


In reality, piezoresistors always have finite length and thickness. If the resistor is formed by 
doping a silicon beam, the piezoresistive element will lie below the surface (Figure 6.6a). On 
the other hand, if the resistor is formed from deposited polysilicon or metal layers, the piezore- 
sistive elements will lie above the surface (Figure 6.6b). In both cases, the resistor covers a finite 
length starting at the base of the cantilever. (The stress throughout the resistor is in fact nonuni- 
form with respect to length and thickness. This nonuniformity should be accounted for in rigor- 
ous analysis.) If we assume the piezoresistive resistor occupies a relatively thin layer near the 
top surface of the cantilever and is short with respect to the length of the cantilever, the stress 
at the resistor can be approximated by a single value: 


_ M) _ Flt 
Emax OFT 2ET 


(6.13) 


Overly thick piezoresistors complicate designs and fabrication and are undesirable. Two 
scenarios are depicted in parts c and d of Figure 6.6. The approximation given by Equation 6.13 
will not be true if the thickness of the piezoresistor (whether doped or deposited) is large com- 
pared with the thickness of the beam. In Figure 6.6d, doped piezoresistors in a cantilever beam 
extend below the surfaces by a significant depth. If the doped region should reach below the 
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deposited 


resistor 


(b) 


ineffective design #1 
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FIGURE 6.6 
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neutral axis, the portion of piezoresistor beyond the neutral axis actually reduces the sensitivity. 
In the extreme case if the doped piezoresistor covered the entire thickness, the resistance 
change due to compressive and tensile regions would cancel out each other. 

If a deposited piezoresistor, lying above the surface of a cantilever, is overly thick com- 
pared to the beam, the piezoresistor must be considered as an integrated part of the cross sec- 
tion and the internal stress analysis re-done. The position of the neutral axis will change. The 
term EJ in Equation 6.13 must consider both piezoresistor and beam materials. 

From the electrical point of view, thick resistors do not provide significant operational ad- 
vantages as they exhibit diminished resistance. They also require longer processing time (by 
doping or deposition). 


Example 6.2 Maximum Stress Points 


Consider a fixed-free cantilever beam made of single crystal silicon with length pointing in the 
<100> crystal orientation. Ten points (labeled A through J) are identified on the cantilever. 
The length (J), thickness (t), and width (w) of the beam are 100 um, 10 um, and 6 um, respec- 
tively. If a 1 mN force acts at the end of the cantilever, what is the magnitude of the maximum 
stress in the cantilever? At which point does the maximum stress occur in each case under var- 
ious loading conditions? 


Case 1 


Case 2 


Case 3 


F 


Solution. For Case 1, a single axis loading force is applied. The reaction force at every cross 
section along the length of the cantilever is constant. Consequently, the stress at points A 
through J are exactly identical. The value of the stress is 
F 0.001 
T =—= 
asel A 10X 10°x 6 x 10% 


= 1.6 x 10’N/m? 
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For Case 2, the stress at points A, B, C and E are the greatest. Points A, B, and C are under ten- 
sion while the point E is under compression. The magnitude of the maximum stress is 
Mt Flt Fit 6Fl 6 X 0.001 x 100 x 10°° 
o = 
ee ae OL 5 wP we 10x 10° x (6 x 10°)? 


12 


For Case 3, the stress at points C, D, and E are the greatest. The value of stress at point A is the 
same as stress values at points C, D, and E; however, the sign of the stress at point A is opposite 
of the stress at points C, D, and E. 
Mw Flw Fiw 6FL _ 6 x 0.001 x 100 x 10° 
Oo 
mee 3 Oi | * SOE wt ww 6x 10°x (10 x 10°) 


1.6 X 10? N/m? 


= 10? N/m? 


Example 6.3 Resistance Change Under Applied Force 


A fixed-free cantilever is made of single crystal silicon. The longitudinal axis of the cantilever 
points in the [100] crystal orientation. The resistor is made by diffusion doping, with a longitu- 
dinal gauge factor of 50. The length (/), width (w), and thickness (t) of the cantilever are 
200 um, 20 um, and 5 um, respectively. If a force F = 100 uN is applied at the end of the can- 
tilever in the longitudinal direction, what would be the percentage change of resistance? 


metal wires 


silicon 
frame 


cantilever 
doped piezoresistor 


“a T 
silicon p> F 
frame 


Solution. In this case, the stress level is constant across any particular cross section. The mag- 
nitude of the stress is given by 


F 100 x 10 °N 
wt 100 x 10/2 m? 


= 1 MPa 


o= 
The Young’s modulus of silicon along the longitudinal direction of the resistor is 130 GPa. The 
strain is 


oO 


e= a= 0.00077 % 
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The relative change of resistance is 


AR 
R = Ge = 0.038% 


Example 6.4 Resistance Change Under Applied Force 


A fixed-free cantilever is made of single crystal silicon. The resistor is made by diffusion dop- 
ing, with a longitudinal gauge factor of 50. The depth of the doped region is less than 0.5 um. 
The length, width, and thickness of the cantilever are 200 um, 20 um, and 5 um, respectively. If 
a force F = 100 uN is applied in the middle of the cantilever beam, what would be the percent- 
age change of resistance? 


metal wires 


silicon 
frame 


cantilever 
doped piezoresistor 
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1/2 


Solution. If the force is applied in the middle, the portion of the cantilever from the point of 
force to the free end does not bear load or undergo deformation. Therefore, for the purpose of 
analyzing the maximum stress at the fixed end of the cantilever, an equivalent system is used. In 
the equivalent system, the length of the cantilever is half as long, and the force is applied at the 
distal end. 

The resistor span a certain depth and length. The depth appears small compared with the 
thickness of the cantilever. The distribution of the stress in the cantilever is therefore not uni- 
form. If we assume that a uniform stress, equaling that at the top surface of the fixed end, then 
the maximum strain is expressed as 
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( 2 
E Example 6.5 Piezoresistive Cantilever 


6.3.2 


Four cantilevers with doped piezoresistors at the base. The dimension of the cantilevers, the 
doping concentration, and the force are the same across these four cases. The resistors have dif- 
ferent thickness. The thickness is 1/8 of the cantilever thickness for part a, 3/8 for part b, 6/8 for 
part c, and 8/8 for part d. Discuss the pros and cons of the design. 


f 3/8 t F] 
(b) en e e e a E eet ae L 
2 6/8 t F] 


FIGURE 6.7 GE M | 


Four cantilevers. 2 


Answer: 
Part d has a resistor crossing the compression and tensile zones symmetrically. The sensor 
would have zero response. 

Part c crosses the neutral line by 2/8 of t. The part under the neutral line and its mirror-image 
part above the neutral line cancel each other. Hence the design is identical to a piezoresistor with 
2/8 t thickness. 

If the doping are the same, then the resistor in part a has the largest resistance. The rela- 
tive change of resistance would be the greatest. However, the noise would also be the largest. 
Besides, if the thickness of the cantilever is small, then it is difficult to precisely control the 
doping thickness. 


Stress and Deformation in Membrane 


Membranes are often used in micro sensors. The stress analysis of membranes is generally more 
complex than for beams because a membrane is two-dimensional in nature. In this section, we 
will review one of the simplest cases of membrane loading— by a uniformly distributed pres- 
sure on one side. 
The governing equation for membrane displacement under a uniform pressure loading 
pis: 
4 4 4 
Taga ee Tan (6.14) 
ax ax“dy dy D 


6.3 Stress Analysis of Mechanical Elements 245 


Kw 
we 


FIGURE 6.8 


Normalized displacement (left) and stress in the x-axis (right). 


where w is the normal displacement for a point of membrane at a location (x, y). The term D 
represents the rigidity of the membrane. It is related to the Young’s modulus (£), the Poisson’s 
ratio (v), and the thickness of the material (t) according to 


Et 
D = Jaz T 
12(1 — v*) 
In the case of a square membrane with fixed boundaries, the two-dimensional distribution of 


membrane displacement and the magnitude of longitudinal stress along the x axis are illus- 
trated in Figure 6.8. Several important qualitative observations can be made: 


(6.15) 


1. The maximum displacement occurs at the center of the diaphragm. 

2. The maximum stress occurs at the center points of two opposite edges and in the center of 
the membrane. The stress along the edge and the center has different signs. These loca- 
tions with high stress value are preferred for placement of piezoresistive sensors for 
detecting membrane deformation. 


In many application cases, only the maximum displacement and the maximum stress are of 
interest. These can be calculated using empirical formula. The maximum displacement at the 
center (Weenter) of a rectangular diaphragm (with dimension of a X b) under a uniform pres- 
sure of p is 


apb’ 
Weenter — EP” 


with the value of the proportional constant a determined by the ratio of a to b. The value of a 
can be found by using the look-up table in Figure 6.9. The maximum stress (at the center point 
of the long edge) and the stress in the center of the plate are 


(6.16) 


Bipb? 

Omas 7 pe (6.17) 
Bopb? 

Ocenter — a (6.18) 


with the values of 64 and $£; listed in the table as well. 
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T max 
LLL LLLELIGLLLLLLL4 P 
h i LAAAAAAAAAAAAAAAAAAL 
Weenter 
O center 
a 
a/b 1.0 1.2 1.4 1.6 1.8 2.0 oœ 

By 0.3078 0.3834 0.4356 0.4680 0.4872 0.4974 0.5000 
By 0.1386 0.1794 0.2094 0.2286 0.2406 0.2472 0.2500 
a 0.0138 0.0188 0.0226 0.0251 0.0267 0.0277 0.0284 


FIGURE 6.9 


Bending of rectangular plate under uniform stress. 


The displacement and stress analysis are considerably more complex if the Poisson’s ra- 
tios and intrinsic stress are present and need to be considered. Analytical expression for calcu- 
lating the displacement of a square membrane under distributed pressure based on given 
Poisson’s ratio and stress can be found in [17]. Alternatively, one can use computer aided finite 
element simulation to solve for displacement and stress distribution of membranes with custom 
geometries and/or under complex loading conditions. 

For circular membranes that are clamped on the periphery, the maximum displacement is [18] 

4 
pr 
Wmax = => 6.19 
max 64D ( ) 
where r is the radius of the membrane. The maximum radial stress occurs at the edge along the 
top and bottom surfaces, with magnitude being 
3 pr 


Or max — 4 Ê’ 


(6.20) 


APPLICATIONS OF PIEZORESISTIVE SENSORS 


Over the years, piezoresistive sensing has been used for many categories of sensor applications. 
A few representative examples are discussed in the following, to illustrate unique device de- 
signs and fabrication processes, and performance specifications achievable. 


Inertial Sensors 


Under an applied acceleration, a proof mass experiences an inertial force, which in turn de- 
forms the mechanical support elements connected to the proof mass and introduces stress and 
strain. By measuring the magnitude of the stress, the value of the acceleration can be inferred. 
This is the basic principle of piezoresistive accelerometers. 
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We will examine two examples below. In one case (Case 6.1), the mechanical support is 
made by using wet silicon etching; in another, dry silicon etching (Case 6.2). The piezoresistor 
are made from doped single crystal silicon in both cases. 


( X 
Æ Case6.1 Single-Crystal Silicon Piezoresistive Accelerometer 


One of the earliest examples of a micromachined strain gauge accelerometer is the device 
made by Roylance and Angell in 1979 [19]. It was used for biomedical implants to measure 
heart wall accelerations. This application required sensitivity of approximately 0.01 g over 
a 100-Hz bandwidth and small sensor sizes. 

The sensor consists of a cantilever with a rigid proof mass attached at its distal end. 
Piezoresistors located at the base of the cantilever consists of p type doped resistors with 
sheet resistivity of 100 Q/L. The cantilever points in the <110> crystal orientation. This 
particular alignment with crystal orientation is partially influenced by the need to define 
the cantilever and the proof mass using wet silicon etch. (The wet silicon etching technique 
will be reviewed in Chapter 10.) 

Under a given acceleration a, the force experienced by the proof mass is 


F=m Xa. 
(a) eee piezoresistor 
me 
EER proof mass (m) 

(b) side view 

(zero acceleration) i 

j j 

(c) side view 

(finite acceleration) tensile stress 


aie. FIGURE 6.10 
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accelerometer. 
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The force is experienced uniformly throughout the volume of the proof mass. However, for 
the purpose of calculating the moment produced by the force, we may assume the force is 
concentrated at the center of the proof mass. The moment experienced at the fixed end of 


the beam is expressed as 
L 
WC TE i ae = k 
(+3) 


(Here, the distributed inertia force acting on the cantilever is ignored relative to the contri- 
bution from the proof mass). The maximum magnitude of longitudinal strain occurs at the 
base of the cantilever, on the top surface. The magnitude is given by 


IL, L 
+= += 
Mt r(ı a or(1 l 


ane a Bwr ie 
6 


The piezoresistor covers a certain distance and depth. The stress distribution in the resistor 
body is not uniform. If the resistor is relatively thin and short compared to the cantilever, 
we can safely assume that the stress on the resistor is uniform and equals £max- 

Here, the strain £max is applied in the longitudinal direction of the resistor. Conse- 
quently, the relative change in resistance is 


ear! == E) 6Gm(1ı + 2) 
AR 2 2 


eE = = 
R ues Ewe Ewe 


The accelerometers were fabricated from one silicon wafer. Two 7740 Pyrex glass wafers 
were anodically bonded to the silicon to form an enclosure. To allow for the excursion of 
the silicon proof mass, cavities were isotropically etched into the glass. The displacement of 
the proof mass was sensed using a diffused piezoresistor in the bending beam connecting 
the proof mass to the supporting rim of silicon. The overall dimensions of the devices were 
2x 3 X 0.6mm’. 

The fabrication process begins with an n-type (100) silicon wafer (Figure 6.11). The 
first step is to grow 1.5-um-thick thermal oxide on both sides of the wafer (step b). The 
oxide on the front is photolithographically patterned to open a diffusion-doping win- 
dow, through which the underlying silicon is exposed (step c). Exposed silicon in the 
open window region is doped for forming piezoresistors with 100 O/O target sheet resis- 
tivity (step d). A second window is opened to allow doping for contact regions (to 
10 Q/O sheet resistivity). The oxide on the front side is selectively removed, leaving the 
oxide on the backside intact (step e). To selectively remove oxide on one side in a wet 
bath (e.g., HF), the oxide on the front can be blanket coated with photoresist before the 
wet etching. 

Oxide is grown on both side of the wafer again (step f). This time, the front side 
oxide is protected while the backside oxide is photolithographically patterned (step g). 
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FIGURE 6.11 


Fabrication of silicon proof mass with cantilever. 


The patterning produces exposed regions of silicon. In anisotropic etching solutions, the 
bulk silicon is etched (step h). The etching is stopped until the remaining thickness of 
the wafer in the regions of the cantilever is approximately twice the desired thickness of 
the beam. 

This step is controlled by carefully calibrating and observing the process. How- 
ever, controlling the thickness is difficult given the nonuniform etch rate over a wafer 
and the time-varying nature of etch rates. Nonetheless, it is still easier and more tolera- 
ble of errors than if the desired thickness of the membrane is to be achieved by time 
etch alone. 

A window is opened on the front side (step i), and the etching resumes (step j). The 
etch rate on the front and the backside will be roughly identical (step j). Hence when the 
desired thickness is reached, the observation window is etched through (step k). This event 
can be reported by visual observation or using optical sensors while the wafer is immersed 
in wet etching solutions. 
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This device has been used to demonstrate the detection of accelerations down to 
0.001 g, allowing cardiac accelerations to be measured directly. The authors reported a full 
scale range of +200 g, a sensitivity of 50 uV/(g Vsuppiy), an off-axis sensitivity of 10%, a 
piezoresistive effect temperature coefficient of —0.2 to —0.3%/°C, and a resonant frequency 
of 2330 Hz. The relatively low resonant frequency is due to the large proof mass in use, 
which is necessary in order to increase the sensitivity. 


Case 6.2 Bulk-Micromachined Single Crystal Silicon Accelerometer 


Another bulk micromachined acceleration sensor with its sensitive axis in the plane of the 
wafer has been demonstrated [20]. The fabrication process takes advantage of deep reac- 
tive ion etching technique to produce proof mass and narrow cantilever beams with well- 
defined vertical walls. The deep reactive ion etching also circumvents fabrication issues 
associated with backside etching and wafer protection. 

The schematic diagram of the device is shown in Figure 6.12. A fan-shaped proof 
mass is supported by a single high-aspect ratio flexure, which is implanted to form a 
piezoresistive sensor on its vertical surface. Metal conductive traces run on the top 
wafer surface and connect with resistors located on vertical side walls. The piezoresis- 
tors are formed by implanting at approximately 31° from vertical. Two proof masses are 
employed to form two active Wheatstone bridge elements, but only one is shown in 
Figure 6.12. These proof masses face opposite directions to cancel bridge responses to 
rotation. Primary temperature compensation is achieved by building the entire Wheat- 
stone bridge with resistive elements of the same geometry and with matched tempera- 
ture coefficients. 


fey mass piezoresistor 


FIGURE 6.12 
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According to the authors of [20], the estimated magnitude of strain generated by 
acceleration with magnitude a is 


_ 4 pr°sin($/2) 
Sa Ew? 


where r is the radial length of the proof mass, ¢ the included angle of the proof mass, and w 
the width of the flexure. 

The fabrication process starts with a silicon-on-insulator (SOI) substrate, which is 
built by oxidizing, bonding, and polishing standard wafers. The SOI substrate has two thin 
surface layers: a 1.2-um-thick silicon oxide insulator layer (the “I” layer) under a 30-um- 
thick phosphorus doped (100) n-type silicon (the “S” layer) with 0.5-Qcm resistivity. First, 
heavily doped p type regions are formed for contacts (Figure 6.13b). A low temperature 
oxide (LTO) thin film is deposited and patterned photolithographically (Figure 6.13c), 
which serves as a mask for a deep reactive ion etching step (Figure 6.13d). The etching is 
selective over oxide, and it virtually stops at the buried oxide layer. 

Conventionally, ion implantation is performed with the ion flux perpendicular to the 
substrate. The ions will only impinge on horizontal surfaces which are exposed to the line 
of sight of incoming ions. To implant on vertical surfaces, an oblique-angle ion implanta- 
tion process is used, whereas the wafer is set at an angle to the entrant ion flux, allowing 
the ions to hit the vertical surfaces. The wafer must be implanted twice (Figure 6.13e and f) 
for both sides of the vertical surfaces to be doped. The sidewall doping results in a sheet 
resistivity of 2-10 k Q/U. These dopants are restrained to the flexural region using a pho- 
toresist mask to avoid forming leakage paths around the sensor. The LTO film protects the 
top of the flexure from dopant atoms. The wafer is then coated with an LTO layer again 
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(Figure 6.13g), which serves to protect the entire front side of the wafer during a subse- 
quently wet silicon etching. The subsequent wet etching stops at the buried oxide layer 
due to its reduced etch rate compared to that of silicon. The LTO and the buried oxide are 
then removed by using solutions of hydrofluoric acid, which does not attack silicon 
(Figure 6.13h). 

The sensor showed a sensitivity of 3 mV/g and a resolution of 0.2 mg/ VHz at 100 Hz. 
It compared favorably with commercial capacitive accelerometers based on capacitive and 
piezoresistive principles. 


Pressure Sensors 


The micromachined pressure sensor was one of the earliest demonstrations of micromachining 
technology. It is commercially very successful because of several important traits, including high 
sensitivity and uniformity. 


Bulk microfabricated pressure sensors with thin deformable diaphragms made of single 


crystal silicon are the earliest products and still dominate the market today. One example is dis- 
cussed further in Chapter 15 [3]. 


The state of the art of microfabricated pressure sensors advances very rapidly. Both bulk 


and surface micromachining can be used. A representative example of a pressure sensor made 
using surface micromachining processes is discussed in Case 6.3. 


( XV 
Æ Case6.3 Surface Micromachined Piezoresistive Pressure Sensor 


Surface micromachined pressure sensors have been developed using silicon nitride thin 
film as membrane and polycrystalline silicon as the strain sensors [21, 22]. Compared with 
the bulk micromachined pressure sensors discussed earlier, the thickness of the silicon 
nitride thin film is even smaller and more controllable. The reduced thickness results in 
greater stress for a given size membrane and pressure difference according to 


2 
ER me ; (6.17) 


The sensor consists of a membrane suspended from the substrate by a small gap. Eight 
piezoresistive sensors are involved in the design. Four resistors are located in the middle of 
each of the four membrane edges. These four sensors experience tension when the mem- 
brane is deflected downward. Alternatively, four other sensors can be located in the center 
of the diaphragm. They experience compression when the membrane is deflected down- 
wards. For a given membrane bending, the resistances of the group of resistors on the edge 
(R; through R4) and the ones in the center (R; through Rg) change in opposite directions, 
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further increasing the sensitivity if these two groups are connected in one of the branches 
of a Wheatstone bridge circuit. 

The device fabrication process, shown in Figure 6.15, share similar steps with the 
thermal-transfer based flow shear stress sensor discussed earlier (Case 6.7, Chapter 5). 
The suspended membrane is made of silicon nitride (Figure 6.15e). The sacrificial oxide 
is removed from the cavity through access channels (Figure 6.15g). The opening at the 
end of each access channel is sealed by a layer of chemical vapor deposition thin film 
(Figure 6.15h). A layer of polycrystalline silicon is deposited and patterned photolitho- 
graphically (Figure 6.15h). This is followed by deposition and patterning of metal thin 
film as wire leads. 

The fabrication process does not involve time consuming and chemically aggressive 
silicon wet etching. The surface micromachining process is therefore more compatible with 
integrated circuits. However, the gauge factor of polycrystalline silicon is smaller than that 
of single crystal silicon. Surface micromachined sensors based on polymer have been made 
(Section 12.3 of Chapter 12). 
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6.4.3 Tactile Sensor 


Tactile sensors are used to measure contact forces and characterize surface profiles and rough- 
ness. Micromachined tactile sensors offer the potentials of high-density integration. We discuss 
a silicon micromachined tactile sensor with multiple sensitive axes in Case 6.4. Another 
piezoresistive tactile sensor, based on metal strain gauges and polymer materials, is discussed in 
Chapter 12. 
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( XY 
= Case6.4 Multi-Axis Piezoresistive Tactile Sensor 


Humans achieve dexterous manipulation tasks through sophisticated tactile perception of 
objects. When a fingertip comes into contact with an object, a distributed contact stress pro- 
file is produced. The stress field at the point of contact consists of three components: a nor- 
mal stress component and two in-plane shear stress. 

A tactile imager array with 4096 elements has been developed. The sensors’ mechan- 
ical elements have been made using bulk micromachining technology [5]. Each element 
consists of a central shuttle plate suspended by four bridges over an etched pit, which al- 
lows greater range of displacement and larger dynamic range (Figure 6.16). Embedded in 
each of the four bridges is a polysilicon piezoresistor, labeled R4 through R4. Each of the 
piezoresistors acts as a variable leg of a resistive half-bridge circuitry. A direct measure- 
ment of the three stress components can be extracted simultaneously by measuring the 
changes of resistances of R4 through R4. 

The authors performed both analytical studies and finite element simulation of me- 
chanical sensing characteristics. The overall response of an individual piezoresistor is the 
direct sum of responses induced by each stress component. 

The response of the sensor structure to pure applied shear stress is determined by 
assuming that the resulting structural deformation would be primarily axial strain of the 
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Piezoresistive tactile sensor. 
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bridge. For small lateral deflections of the shuttle plate, the shear strain (s,) induced in the 
bridge element by a lateral shear stress 7 is described by 


b2 
5T Gay ” 


where b is the shuttle plate width, E and A the Young’s Modulus and the cross section of 
the bridge. The term FA is the overall stiffness of the bridge, which is the sum of stiffness 
(EA) of each compositional layer. The bridge consists of silicon nitride, silicon oxide, and 
polycrystalline silicon layers. For the device, the cross-sectional areas are 10.2 wm, 12 wm”, 
and 1.6 um? for silicon nitride, silicon oxide, and polycrystalline silicon layers, respectively. 

The application of normal stress induces vertical displacement of the shutter plate. 
The magnitude of induced longitudinal strain in each bridge under a normal stress of o, is 


bL 
AY ny 
a= NDA A 


where L is the length of the bridge, and ô the normal deflection of the plate. 

Each piezoresistor (R; i = 1,4) is connected to reference resistor (R;) with identical 
nominal value. Each resistor and its companion reference resistor forms a half bridge and 
provides a voltage output that is fed into the data bus. 

The arrayed sensor is built on a silicon wafer with existing complimentary MOS cir- 
cuitry, or CMOS. Two steps are added to the CMOS process sequence to control the state 
of internal stress in the final freestanding sensor structures. The first modified step happens 
at the beginning of the process. A 0.35-uwm-thick tensile stressed (300 MPa) silicon nitride is 
deposited on the bare silicon wafer using the low pressure chemical vapor deposition 
method (LPCVD). This layer forms the basis of the freestanding shuttle plate and bridges. 
The second modification came at the end of the fabrication process, when a 0.6-um-thick 
tensile stressed (200 MPa) silicon nitride is deposited using the plasma enhanced chemical 
vapor deposition (PECVD) method. 

After completion of the CMOS portion of the fabrication process, the sensing struc- 
tures (shuttle plate and the bridges) were released from the underlying silicon substrate 
using a bulk silicon wet etchant (tetramethyl ammonium hydroxide solution consisting of 
5 wt% TMAH in H,0 with 16 g/l dissolved silicon) at 85°C. The TMAH with pre-dissolved 
silicon is used instead of EDP or KOH because of its low etch rate on aluminum contact 
pads, standard in CMOS circuits. The die is packaged electronically and finally capped with 
a layer of elastomer rubber with an adhesive backing material. 

To allow measurement of the mechanical characteristics of the array and individual 
elements, the chip is placed in a semiconductor microprobe station. Uniform stress over an 
array is provided by a pneumatic cavity sealed against the front polymer surface. The re- 
sponse of an individual sensor to a pure normal stress is determined by slowly pressurizing 
the cavity. The normal stress sensitivity was found to be 1.59 mV/kPa after amplification. 
The response of the individual element to an applied shear-stress sensor was determined 
by lateral displacement of a mechanical plate attached to the polymer. The shear stress sen- 
sitivity was 0.32 mV/kPa. 
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Cross talk between different measurement modes (normal vs. shear stress) was ob- 
served during calibration studies. Nonzero voltages were recorded in both shear stress axes 
with the application of a pure normal stress. The average value for this false shear stress re- 
sponse is 2.1% of the true normal shear stress. Similarly, a false normal stress results when 
pure shear stress is applied. 

Hysteresis in the transduction mechanism, likely due to residual compressing of the 
overlying elastomer, was calibrated. A sensor was loaded from zero load to a full-scale nor- 
mal stress level of 78 kPa over the course of 20 s. The load is then removed. The average no- 
load error observed was 3.3 mV, corresponding to a 2.1-kPa normal stress. 

The shuttle’s resonant frequency changes as a result of adhesion with the polymer. 
The mechanical resonant frequency of the shuttle plate with the polymer backing is de- 
termined experimentally by applying a load and rapidly removing the loading probe. The 
response during the transitional period provides the mechanical resonant frequency — 
102 Hz. 

Temperature sensitivity of the sensor was determined by altering the temperature of 
the probe substrate. The sensor output was recorded at several levels of temperature. The 
unamplified temperature coefficient of the normal stress signal is —0.83 mV/°C, corre- 
sponding to —0.52 kPa/°C in the normal stress measurement. 


Flow Sensor 


Microstructures can be used for flow sensing applications. Their small physical sizes reduce the 
impact on the flow field under test. Fluid flow around a microstructure can impart lifting force 
[23, 24], drag force [25], or momentum transfer on a floating element [26, 27]. These forces can 
cause the microstructure to deform, producing minute changes of stress in the floating element 
or its supporting structures. Piezoresistors located strategically on these structures can there- 
fore infer the bending by measuring the resistance. 


We will review a direct shear-stress sensor and a flow-velocity sensor. Case 6.5 illustrates 


design and fabrication of a flow shear-stress sensor made using wafer bonding techniques. Case 6.6 
is a momentum-transfer type flow rate sensor made using surface micromachining and three- 
dimensional assembly. 


( NX 
= Case6.5 Piezoresistive Flow Shear-Stress Sensor 


A floating-element shear-stress sensor consists of a plate (120 um wide and 140 um deep) 
and four tethers (each 30 um long and 10 um wide) [28]. The tethers function as mechani- 
cal supports for both the plate and resistors. A flow over the floating element and parallel 
to the length of the tethers generates a shear stress on top of the suspended plate. 
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Assuming the plate moves as a rigid body. The intended direction of flow is parallel 
with tethers. Shear stress introduces drag forces acting along the longitudinal directions 
of tethers. Two of the tethers experience a compressive and the other two a tensile 
stress. The changes in the resistance come from the piezoresistive properties of single 
crystal silicon. 

The force on the plate is equally divided across four tethers, with each tether experi- 
encing a longitudinal stress of 


Be 
4A,’ 


T (6.22) 
where A, is the area of the plate and A, the cross-sectional area of the tether. The changes 
in the resistance of the tethers is therefore 

AR TA, 


ye ee (6.23) 


The plate and the tethers are made from a 5-ym thick lightly doped n-type silicon layer and 
are suspended 1.4 um above another silicon surface. The fabrication of the sensor involves 
the processing of two wafers (wafer #1 and #2). The process begins with the growth of a 
1.4-~m-thick silicon oxide on wafer #1 (handle wafer), with a background resistivity of 
10-20 W/O (Figure 6.17a). The oxide, which will lie underneath the floating element, is pat- 
terned and etched using a plasma etch (Figure 6.17c). The oxide determines the distance be- 
tween the underside of the floating element and the substrate. 

A device wafer, wafer #2 (Figure 6.17d), consists of a 5-um lightly doped n-type epi- 
taxial region (doped to approximately 10'°cm™) on top of a highly doped (10% cm‘) 
boron region (p* region). The two wafers are bonded (Figure 6.17e). The bonding sequence 
includes a pre-oxidation cleaning of the two wafers, hydration of the bonding surface using 
a 3:1 H2S04:H20; solution for 10 min, a DI water rinse, spin dry, physical contact of the two 
bonding surfaces at room temperature, and a high temperature anneal at 1000°C in a dry 
oxygen environment for 70 min. 

The device wafer is then thinned down all the way to the heavily doped layer by 
dissolving the silicon substrate in KOH anisotropic etching solutions (Figure 6.17f). The 
etch stops at the heavily dopes region automatically because of the high selectivity. A 
different wet etchant, consisting of 8:3:1 mixture of CH3COOH:HNO;3:HF (HNA) solu- 
tions, is used to etch the heavily doped layer selectively until the epitaxial layer is 
reached (Figure 6.17g). 

Diffusion doping is performed to provide a heavily doped silicon region (Figure 
6.17h). A thin film metal layer is deposited and patterned to provide the electric contact. 
The metal and the heavily doped region form ohmic (nonrectifying) electrical contacts 
(Figure 6.171). A layer of oxide is deposited on top of the device wafer to provide passiva- 
tion against conducting or caustic environment (Figure 6.17j). 

The sensor has been tested to show an overall sensitivity of the sensor being 13.7 
pV/V-kPa. The devices were able to withstand high pressure (2200-6600 psi) and tempera- 
tures of 190—220°C in shear stresses of 1-100 kPa for up to 20 h. 
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Piezoresistive shear-stress sensor. 
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( ~ 
= Case 6.6 Metal Piezoresistive Flow-Rate Sensor 


Haircells, a kind of mechanoreceptor, are commonly found across the animal kingdom. The 
haircell consists of a cilium attached to a neuron. Mechanical displacement of the cilium 
due to input stimulus causes the neuron to produce pulse output. This seemingly simple 
mechanical transduction principle is used by vertebrate animals (for hearing and balanc- 
ing), by fish (lateral line flow sensors), and insects (for flow and vibration sensing). Artifi- 
cial haircell sensors (AHC) mimicking the biological haircell can serve as a modular 
building block to perform different engineering sensor applications. A flow sensor based 
on this biological inspiration is discussed below. 

The schematic of an AHC based on a polymer cilium is shown in Figure 6.18 [29]. The 
AHC is composed of a vertical beam (artificial cilium) rigidly attached to the substrate. Sit- 
uated at the base of the beam, between the cilium and the substrate, is a strain gauge. The 
strain gauge is comprised of a thin film nichrome (NiCr) resistor on a thicker polyimide 
backing that runs the length of the cilium. When an external force is applied to the vertical 
beam, either through direct contact with another object (functioning as a tactile sensor) or 
by the drag force from fluid flow (flow sensing), the beam will deflect and cause longitudi- 
nal strains in the vertical strain gauges. 

There are two novel aspects of the device design and fabrication process. First, the 
vertical cilium is made of a polymeric material and is therefore mechanically robust. 
Second, the cilium is formed using an efficient 3D assembly and can be conducted on 
wafer scale. 
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The fabrication comprises of a series of metalization and polymer deposition steps 
(Figure 6.19). First, a 0.5-um Al sacrificial layer is evaporated and patterned onto the sub- 
strate. Then, a 5.5-um photodefinable polyimide (HD-4000 from HD Microsystems) is 
spun-on and patterned photolithographically (Figure 6.19a). The polyimide is cured at 
350°C in a 1 Torr Nz vacuum for 2 hours. This is the highest temperature used in the process. 
Afterwards, a 750-A-thick NiCr layer used for the strain gauge is deposited by electron 
beam evaporation. This is followed by a 0.5-jm-thick Au/Cr evaporation used for electrical 
leads and the bending hinge (Figure 6.19b). The authors built an electroplating mold with 
patterned photoresist (Figure 6.19c). The Au/Cr layer is then used as a seed layer to elec- 
troplated approximately 5 um of Permalloy (Figure 6.19d). The final surface micromachin- 
ing step is another 2.7-um polyimide film to serve as a protective coating for the Permalloy 
cilium and the NiCr strain gauge (Figure 6.19e). 

The Al sacrificial layer is then etched in a TMAH solution for over a day to free the 
cilium structure. The sample is carefully rinsed and placed in the electroplating bath, where 
an external magnetic field is applied, which interacts with the Permalloy to raise the cilium 
out of the plane of the substrate (Figure 6.19f and g). 

An array of AHC with different cilium and strain gauge geometry is shown in 
Figure 6.20. The array illustrates the parallel and efficient nature of the fabrication 
process. Overall, the fabrication method does not exceed temperature over 350°C, allow- 
ing it to be completed on polymer substrates. Silicon, glass, and kapton film have all been 
used as a substrate for this process. The resistance of the strain gauges tested ranges from 
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FIGURE 6.20 


SEM of a fabricated 
hair cell array with 
different heights and 
widths. Fabricated 
device has cilium length 
varying from 600-um to 
1.5 mm. 


1.2 KQ to 3.2 kQ. The measured TCR of the as-deposited NiCr film is —25 ppm/°C, which 
is very small and should not contribute to anemometric effects during airflow testing. 


SUMMARY 


The following is a list of major concepts, facts, and skills associated with this chapter. A reader 
can use this list to test related understanding. 
Qualitative Understanding and Concepts: 

e The origin of piezoresistivity in silicon. 

e The origin of piezoresistivity in metals. 

e The influence of doping concentrations on silicon piezoresistors. 

e The influence of wafer orientation on silicon piezoresistors. 

e The definition of gauge factors for longitudinal and transverse loading cases for silicon. 

e The influence of temperature on silicon piezoresistors and on the gauge factors. 

e The difference of longitudinal and transverse piezoresistors. 

e Analysis of Wheatstone bridge circuit output. 


e Identification of relative magnitude and signs of stress in different regions of a membrane 
under uniform pressure loading. 

e Stress distribution as a function of location in a cantilever when it is loaded under repre- 
sentative conditions. 


e Stress distribution as a function of location in a membrane when it is loaded with uniform 
pressure on one side. 
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Quantitative Understanding and Skills: 


e Method for analyzing the magnitude of stress anywhere in a cantilever beam under simple 
transverse force loading conditions. 


e Procedures for analyzing relative resistance changes under simple loading on a cantilever. 


PROBLEMS 
SECTION 6.1 


Problem 1: Design 
Consider the cantilever below with a width w. Find the analytical expression of the resistance change as a 
function of F. 
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SECTION 6.3 
Problem 2: Design 


A silicon nitride beam is 100 um long, 5 um wide, and 0.5 um in thickness. How much force can be ex- 
erted, transversely, in bending, at the free end of the beam before the beam fractures? (Assume the frac- 
ture strain of silicon nitride is 2% and the Young’s modulus is 385 GPa.) Show your analysis steps. 

1. 16 MN 
16 mN 
16 uN 
0.16 mN 


none of the above. 
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Problem 3: Design 


A single crystal cantilever beam with diffused piezoresistor is shown below. The longitudinal gauge factor 
is G; = 20, while the transverse gauge factor is G, = 10. Find the change in the resistance of the piezore- 
sistor when the maximum longitudinal strain near the sensor is 1%. 


i Top view 


Side view 
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Problem 4: Design 


A fixed-free silicon cantilever is 200 um long (/), 5 um wide, and 0.5 um thick. A force of 1 uN is applied 
in the transverse direction at the center of the beam (half length). Find out the maximum tensile stress at 
the fixed end and x = //4 from the fixed end. The Young’s modulus of silicon along the longitudinal di- 
rection is 160 GPa. 


SECTION 6.2 
Problem 5: Design 


A silicon cantilever with the longitudinal direction pointing in the <110> crystal direction is under a 
transverse force loading. The cantilever is 200 um long, 20 wm wide, and 1 um thick. The resistor is 20 wm 
long. Calculate the percentage change of resistance when a 10 uN force is applied. The force is in the 
direction of beam thickness. 


Problem 6: Design 


Given a silicon cantilever with two arms, pointing in <100> direction. Derive an analytical expression for 
the relative change of resistance under F. The resistor is doped uniformly throughout the length. Each arm 
of the cantilever has a length of L, a width W, and a thickness t. The resistor along each arm has a length 
L, a width w, and a uniform doping depth of f,. (Hint: the mechanical deformation and resistance associ- 
ated with the horizontal bar connecting the two arms should be ignored). 


resistor 


resistor 


cantilever 


SECTION 6.3 
Problem 7: Design 


A cantilever with doped silicon piezoresistor is shown below. The width of the beam is w. Assume the re- 
sistor experiences a longitudinal stress with magnitude depending on the location. Find the analytical ex- 
pression for the resistance chance, considering both the shear stress (reactive to F) and normal stresses. 
The Young’s modulus is 120 GPa. The values of L and / are 400 um and 40 um, respectively, w ant t are 20 
and 10 um, and F = 1 mN. Find the relative change of resistance due to normal stress and strain. The 
gauge factor is generalized as G. 
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Suppose a piezoresistor located on a single crystal silicon beam is made by doping the entire cantilever 
thickness to a certain concentration (similar to the force loading condition of Problem 7 except that the 
length of the doped resistor covers the entire cantilever length). A vertical force is applied on the can- 
tilever beam’s end. Discuss the change of resistance in this case. The effect of the finite thickness of the 
metal wires should be neglected. 


doped | F 


Problem 8: Design 


Problem 9: Design 


For the case in Problem 7, discuss the advantages and disadvantages of increasing the length of the resis- 
tor (/) by four times. 


Problem 10: Design 


A square membrane with four piezoresistors is diagramed below. Resistors R; and R4 are located on at 
the mid points of two edges. Resistors R} and R3 are located in the center of the membrane. The size of the 
membrane is b, and the thickness t. A pressure difference p is applied across the membrane. Find the ana- 
lytical expression of output voltage under two Wheatstone bridge configuration depicted in (a) and (b). 
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SECTION 6.4 


Problem 11: Review 


The thickness, length, and width of the support beams were never provided in the paper for the accelera- 
tion sensor discussed in Case 6.1. Can you use the information provided in Case 6.1 and the reference 
within to identify all three design parameters? Explain the methodology for finding the dimensions of the 
supporting silicon cantilever beams. 


Problem 12: Design 


For the structure discussed in Case 6.2, derive the analytical expression that relate the resistance change to 
the input acceleration. Compare the results with the formula derived in the reference paper, Equation 6.21. 


Problem 13: Fabrication 


For the structure discussed in Case 6.2, what is the advantage and disadvantage if the beam width is reduced 
to 1/3 of its current value? 


Problem 14: Design 


For the pressure sensor discussed in Case 6.3, what is the advantage and disadvantage of increasing 
the length of the resistor on the edge to % of the total length of the membrane? What is the advantage 
and disadvantage of increasing the length of the resistor on the edge to % of the total length of the 
membrane? 


Problem 15: Design 


For the tactile sensor in Case 6.4, complete the analysis of the response of a single piezoresistor under 
shear stress and normal stress. Compare your findings to the formula given in the reference paper. 


Problem 16: Fabrication 


The polymer protective cover in Case 6.4 is provided by gluing an elastomer with adhesive backing. How- 
ever, the adhesion of the polymer to individual shuttle plates is not controllable. Discuss an alternative de- 
sign and process of a tactile sensor, with similar functions as in the case, but with an improved method for 
integrating the polymer with the silicon parts. 


Problem 17: Review 


For Case 6.4, discuss the reason for selecting TMAH as the silicon etchant rather than EDP or KOH. 
Identify and cite supporting evidence from the literature. 


Problem 18: Challenge 


In Case 6.5, derive analytical expression for the sensitivity to in-plane cross flow (i.e., flow perpendic- 
ular to the longitudinal axis) and out of plane cross-flow (i.e., flow impacting the flat plate in a normal 
direction)? 


Problem 19: Challenge 


The artificial haircell sensor discussed in Case 6.6 consists of a cilium with a rectangular cross-sectional 
area. Discuss a method to build high aspect ratio polymeric cilia in an efficient microfabrication process. 
Can you integrate a sensor with the element (either on it or connected to it) so the displacement of the 
artificial hair can be detected with high sensitivity? 
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CHAPTER 7 


Piezoelectric Sensing 
and Actuation 


PREVIEW 


Piezoelectric materials are used for both sensing and actuation purposes. We will first review 
the principle of piezoelectricity and basic design methodology in Section 7.1. The piezoelectric 
properties of several representative materials are reviewed in Section 7.2. We will then discuss 
examples of sensors and actuators based on various mechanical and electrical configurations 
(Section 7.3). 


INTRODUCTION 
Background 


The phenomenon of piezoelectricity was discovered in the late nineteenth century. It was 
observed that certain materials generate an electric charge (or voltage) when it is under a 
mechanical stress. This is known as the direct effect of piezoelectricity. Alternately, the same 
material would be able to produce a mechanical deformation (or force) when an electric 
field is applied to it. This is called the inverse effect of piezoelectricity. (Some literatures 
refer to it as the converse effect of piezoelectricity.) 

As an indicator of the magnitude of the piezoelectric effects, a field of 1000 V/cm applied 
between the ends of a quartz rod produces a strain of 107. Conversely, a small strain can gen- 
erate enormous fields. 

In 1880, Pierre and Jacques Curie experimentally discovered the direct piezoelectric 
effect in various naturally-occuring substances, including Rochelle salt and quartz. In 1881, 
Hermann Hankel suggested using the term piezoelectricity, derived from the Greek 
“piezein” meaning “to press”. In 1893, William Thomson (Lord Kelvin) published seminal 
papers on the theory of piezoelectricity. It was mathematically hypothesized and then 
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experimentally proven that a material exhibiting direct effect of piezoelectricity would also 
exhibit the inverse effect. 

The piezoelectricity phenomena was developed and applied in sonar and quartz oscilla- 
tion crystals. In 1921, Walter Cady invented the quartz crystal-controlled oscillator and the 
narrow-band quartz crystal filter used in communication systems [1]. The World War II spurred 
the growth of this field, especially with the urgent needs by the military to detect submarines. 
Two important artificial piezoelectric crystals, barium titanate (BaTiO3) and lead zirconate 
titanate (PbZrTiO3-PbTiO3, or PZT) were invented in the early 1950s. These materials are not 
naturally-occurring piezoelectric materials. Rather, they are synthesized materials and they 
must be electrically poled in order to exhibit significant piezoelectric effects. In 1958, synthetic 
quartz material became available. 

Historically, well-known applications of piezoelectric sensors have included phonograph pick- 
ups, microphones, acoustic modems, and acoustic imaging for underwater, underground objects, and 
medical observation. A good recent book dedicated to piezoelectricity and applications is [2]. 

Now, piezoelectric materials are being used in MEMS sensors and actuators. Thin film 
piezoelectric materials has been explored for use as on-chip acoustic transducers [3], pumps 
and valves for liquid and particles [4, 5], accelerometers [6, 7], speaker and microphones [8, 9], 
mirrors [10], and chemical sensors [11], among others. 

Many important properties of piezoelectric materials stem from its crystalline structures. 
Piezoelectric crystals can be considered as a mass of minute crystallites (domains). The macro- 
scopic behavior of the crystal differs from that of individual crystallites, due to orientation of 
such crystallites. The direction of polarization between neighboring crystal domains can differ 
by 90° or 180°. Owning to random distribution of domains throughout the material, no overall 
polarization or piezoelectric effect is exhibited. A crystal can be made piezoelectric in any cho- 
sen direction by poling, which involves exposing it to a strong electric field at an elevated tem- 
perature. Under the action of this field, domains most nearly aligned with the field will grow at 
the expense of others. The material will also lengthen in the direction of the field. When the 
field is removed, the dipoles remain locked in approximate alignment, giving the crystal a rem- 
nant polarization and a permanent deformation (albeit small). 

The poling treatment is usually the final step of crystal manufacturing. Care must be taken in 
all subsequent handling and use to ensure that the crystal is not depolarized, since this will result in 
partial or even total loss of its piezoelectric effect. A crystal may be depolarized mechanically, elec- 
trically, or thermally. Mechanisms for depolarization are further explained in the following. 

Exposure to a strong electric field of opposite polarity to the poling field will depolarize a 
piezoelectric element. The field strength required for marked depolarization depends on the 
material grade, the time the material is subjected to the depolarization field, and the tempera- 
ture. For static fields, the threshold is typically between 200-500 V/mm. An alternating field will 
also have a depolarizing effect during the half cycles that it opposes the poling field. 

Mechanical depolarization occurs when mechanical stress on a piezoelectric element be- 
comes high enough to disturb the orientation of the domains and hence destroy the alignment 
of the dipoles. The safety limits for mechanical stress vary considerably with material grade. 

If a piezoelectric element is heated to a certain threshold temperature, the crystal vibra- 
tion may be so strong that domains become disordered and the element becomes completely 
depolarized. This critical temperature is called the Curie point or the Curie temperature. A safe 
operating temperature would normally be half way between 0°C and the Curie point. 
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The properties of piezoelectric elements are time dependent. The stability as a function of 
time is of particular interest. Material characteristics may be degraded through aging effects 
due to the intrinsic process of spontaneous energy reduction. The speed of aging can be con- 
trolled through the addition of composite elements or through accelerated aging. 

Many piezoelectric materials suffer from finite ion mobility. In other words, they do not 
provide long-term static holding power when used in actuators. Design of piezoelectric actua- 
tors operating in DC conditions must take into the account of electric leakage. 


Mathematical Description of Piezoelectric Effects 


Piezoelectric materials are crystals. The microscopic origin of piezoelectricity is the displace- 
ment of ionic charges within a crystal, leading to polarization and hence electric field. A stress 
(tensile or compressive) applied to a piezoelectric crystal will alter the spacing between centers 
of positive and negative charge sites in each domain cell, leading to a net polarization mani- 
fested as open circuit voltages measurable at the crystal surface. Compressive and tensile 
stresses will generate electric fields and hence voltages of opposite polarity. 

Inversely, an external electric field will exert a force between the centers of positive and nega- 
tive charges, leading to an elastic strain and changes of dimensions depending on the field polarity. 

Not all naturally occurring or synthesized crystals exhibit piezoelectricity. Crystals can be 
classified into 32 groups according to crystal symmetry. Centrosymmetric crystal structures are 
crystals that are symmetric along all axes through the center of the crystal. These crystals 
occupy 11 out of 32 possible groups and are non-piezoelectric materials because the positive 
and negative charge sites will not be spatially separated under stress. Out of 21 noncentrosym- 
metric groups, 20 are piezoelectric crystals. 

Piezoelectric effects are strongly orientation dependent. The notation conventions for crystal 
orientations in the context of piezoelectric polarization are discussed first. A piezoelectric material 
needs to be poled in a particular direction to provide a strong piezoelectric effect, although some 
materials exhibit natural or spontaneous polarization. The direction of positive polarization is cus- 
tomarily chosen to coincide with the Z-axis of a rectangular system of crystallographic axes X, Y, 
and Z. Alternatively, the normal stress components along axes X, Y, and Z are denoted by sub- 
scripts 1,2, and 3, respectively. As such, the poling axis always coincides with axis 3. Shear stress and 
strain components about these axes are denoted by subscripts 4, 5, and 6, respectively (Figure 7.1). 


5 
on 
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7 Z (polarization) 


FIGURE 7.1 


Schematic illustration 
of piezoelectric crystal 
X in a rectangular system. 
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In a piezoelectric crystal, the constitutive equation that relates electrical polarization (D) 
and applied mechanical stress (7) is 


D = dT + cE, (7.1) 


where d is the piezoelectric coefficient matrix, £ the electrical permitivity matrix, and £E the 
electrical field. Here, an electric field is applied in conjunction with the mechanical stress to 
provide more generality. The electrical polarization is contributed by two parts—one stemming 
from electrical biasing and one from mechanical loading. 

If no electric field is present (i.e., E = 0), then the second term on the right hand side of 
Equation 7.1 can be eliminated. 

The general constitutive equation can be written in the full matrix form, 


Tı 

T 
Dı dı dn d3 dı dıs di6 T. s&u en £g || Fy 
Dz} =| do, dn d3 dog dos d% z + | €1 ezn €3|| Eo|. (7.2) 
D3 d3; d32 d3 d34 d3ł5 36 7 &31 £32 €33 || E3 

To 


The terms T; through 73 are normal stresses along axes 1,2, and 3, whereas T4 through T6 are 
shear stresses. The units of eel displacement (Dj), stress (7;), permitivity (¢;), and electri- 
cal field (E;) are C/ m?, N/m, F/m, and V/m, respectively. The unit of the piezoelectric constant 
d;j is the unit of electric displacement divided by the unit of the stress, namely, 


FV 
[D] [e]J[E] mm Columb 
m? 


The inverse effect of piezoelectricity can be similarly described by a matrix-form constitutive 
equation. In this case, the total strain is related to both the applied electric field and any mechan- 
ical stress, according to 


s = ST + dE, (7.4) 
where s is the strain vector and S the compliance matrix. 
Equation 7.4 can be expanded to a full matrix form: 
s1 Su Su Si Su Sis Ste |} Ti dı dn d3 
s2 Sa S2 S3 Sa Sz Sæl T diy dn dz E, 
s3 | _| S31 S32 S33 S34 Sss Ss || Ts]  |d3 d3 ds E (7.5) 
54 Say Saz Sas Sag Sas Sue |] Ta dig dog d34 E; 
55 Ssi S52 Ss3 Sq Sss Sse |] Ts dis dəs d35 | ` 
56 Ser S62 Ses Sea Sos Soo_IL Te dig dy d3 
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If there were no mechanical stress present (T; ;=1, = 0), the strain is related to the electric 
field by 


s1 dı dn dz 
s2 d2 dn dz E 
53 di3} d3 d3 : 
= Ez r (7.6) 
s4 dıy dəx d34 E; 
s5 dıs dos d35 
56 die d2 36 


Note that for any given piezoelectric material, the d;; components connecting the strain and the 
applied field in the inverse effect is identical to the dj; connecting the polarization and the stress 
in the direct effect. The unit of d; can be confirmed from Equation 7.6 as well. It is 
(m/m)/(V/m) = m/V = C/N. 

The electromechanical coupling coefficient k is a measure of how much energy is trans- 
ferred from electrical to mechanical, or vice versa, during the actuation process. 


= energy_converted 


à (7.7) 
input_energy 

This relation holds true for both mechanical-to-electrical and electrical-to-mechanical energy 
conversion. The magnitude of k is a function of not only the material, but also the geometries of 
the sample and its oscillation mode. 


Cantilever Piezoelectric Actuator Model 


Piezoelectric actuators are often used in conjunction with cantilevers or membranes for sensing 
and actuation purposes [12]. General models for such piezoelectric actuators are rather com- 
plex. Accurate analysis often involves finite element modeling. For limited cases, such as can- 
tilever actuator with two layers, analytical models have been successfully developed. In this 
chapter, we will focus on the analysis of cantilevers with two layers of materials, at least one of 
them being a piezoelectric layer. 

The deflection of a two-layer piezoelectric structure can be described by compact for- 
mula. Consider a cantilever with two layers, one elastic and one piezoelectric, joined along one 
side (Figure 7.2). These two layers share the same length. A compact model for calculating the 
curvature of bending has been made under the following assumptions: 


1. The induced stress and strain are along axis-1, or the longitudinal axis of the cantilever; 


2. Cross sections of the beam originally plane and perpendicular to the beam axis remain 
plane and perpendicular to the resulting curved axis; 


. The beam maintains a constant curvature throughout the beam; 
. Shear effects are negligible; 
. Beam curvature due to intrinsic stress may be ignored; 


3 

4 

5 

6. The beam thickness is much less than the piezoelectric-induced curvature; 

7. Second order effects such as the influence of d33 and electrostriction are ignored; 
8 


. Poisson’s ratio is isotropic for all films. 
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after bending 
under Siong 


elastic layer 


FIGURE 7.2 


Bending of a piezoelectric bimorph. 


The beam bends into an arc when the piezoelectric layer is subjected to a longitudinal 
strain, Song. The radius of curvature can be found by 


1 2|stongl (tp + te)(ApE,AcE,) 
r  A(Eply + Eele(ApEp + AcEe) + (ApEpAcEe)(tp + te)” 


(7.8) 


where A, and A, are the cross-sectional areas of the piezoelectric and the elastic layer, E, and 
E, are the Young’s modulus of the piezoelectric and the elastic layer, and ¢, and fe are the thick- 
ness of the piezoelectric and the elastic layer. 

Once the radius of curvature is known, the vertical displacement at any location (x) of the 
cantilever can be estimated. 


x7d31E3(ty + te)AeEeApEp 
4(A,E, + ApEp)(Eplyp + Eele) + (te + tp) AeEcApEp 


d(x) = r — r cos(¢) ~ (7.9) 


The amount of force achievable at the free end of a piezoelectric bimorph actuator equals to 
the force required to restore the tip of the actuator to its initial undeformed state. Since the dis- 
placement is linearly related to force according to 


6(L) = F/k, (7.10) 
the expression of the force is 
F = 6(« = L)k. (7.11) 


Piezoelectric sensors and actuators with more than two layers are commonly encountered. 
Several general techniques can be found in [13-17], both under simple or arbitrary loading. 
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( 2 
E Example 7.1 Bending of Piezoelectric Beam 


A 500-um-long cantilever-type piezoelectric actuaor is made of two layers, a ZnO layer and a 
polysilicon layer (Figure 7.3). The width, thickness, and material properties of these two layers 
are listed in Table 7.1. Find the amount of vertical displacement at the end of cantilever and the 
transverse force at the end when the applied voltage is 10 V. 


Solution. In this particular scenario, the polarization axis, axis-3, is perpendicular to the 
front surface of the cantilever. Axis 1 points in the longitudinal direction of the beam. The 
primary applied electric field is applied along axis-3; the intended direction of stress is in 
axis 1. 

The longitudinal stress in the beam is denoted $4. According to Equation 7.6, the longi- 
tudinal strain Stong is related to the electric field E3 by 


Slong =p = d3,E3. (7.12) 
Plugging in the expression for Slong, Equation 7.8 can be rewritten as 
1 2d31(tp + te)(ApE,A-E,)E3 
ro 4(Eplp + Eele)(ApEp + AcEe) + (ApEpAcEe)(ty + te)” 


(7.13) 


Where £3 is the electrical field in axis-3, perpendicular to the cantilever substrate. 


TABLE 7.1 

ZnO Polysilicon 
Width (um) 20 20 
Thickness (um) 1 2 
Young’s modulus (GPa) 160 160 
Piezoelectric coefficient (pC/N) 5 N/A 


FIGURE 7.3 


Bimorph piezoelectric 
actuator. 


metal conductor 
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We find the maximum transverse displacement, occuring at the free end of the beam, by using 
PdxEx(ty + te)AeE-ApEp 
k 4(AeEe + ApEp)(Eplp + Eele) + (te + tp) AeEeApEp 


d(x = I) 


(500 x 1076)? -5 x 10712. z°(3 X 10°) + AeEeApEp 


1x 107 
~ 4((20 x 107!) - 160 x 10° + (40 x 107!) - 160 x 10°)(Eply + Eel) + (3 X 10°°)?A,E.ApEp 


Here 


920 x 10°" (106) 920 X 107%: (2 x 1076)° 
(Eply + Eele) = 160 X 10 B + 160 x 10 D 
= 2.4 X 10 Nm? 


AEA Ep = (20 X 107?) -160 x 10°- (40 x 107") -160 x 10° = 20.48 N? 


Therefore, 
d(x = I) = 
—6\2 —12 10 —6 
(500 x 106)?-5 x 10 ee x 10°°) A,E.A,E, 
4((20 x 107") -160 x 10° + (40 x 10°!) - 160 x 10°)(EpIp + Eele) + (3 X 10°°)?A.E,A,E, 
7.68 x 1071 be 
= 2.79 xX 10% m 


~ 9.216 x 1071! + 1.83 x 10710 


PROPERTIES OF PIEZOELECTRIC MATERIALS 


Since semiconductor materials are often used in making circuits and MEMS, it is of interest to 
discuss piezoelectricity of important semiconductor materials. Elemental semiconductors such 
as silicon and germanium show centrosymmetric crystal structure and do not exhibt piezoelec- 
tric behavior. III-V compound and II-VI compounds such as GaAs and CdS, on the other 
hand, are held together by covalent and ionic bonding. They show acentric crystal symmetry 
and are thus piezoelectric. However, these are nonideal candidates because of the high cost and 
low piezoelectric coefficients. 

Commonly employed piezoelectric materials and their properties are summarized in 
Table 7.2. Detailed information about piezoelectric coefficients of selected materials is summa- 
rized in the subsections. Note that properties of thin film materials may be different from their 
bulk counterparts [18]. The progress of developing new piezoelectric materials is fast-paced in 
recent years [2, 19]. 

A number of common piezoelectric materials and their representative properties are de- 
scribed in the following. 


Quartz 


The most familiar use of quartz crystal, a natural piezoelectric material, is resonator in 
watches. In a quartz-crystal oscillator, a small plate of quartz is provided with metal 
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TABLE 7.2 Properties of selected piezoelectric materials. 


Relative permitivity ‘Young’s Coupling Curie temperature 
Material (dielectric constant) modulus (GPa) Density (kg/m?) factor (k) CO 
ZnO 8.5 210 5600 0.075 E% 
PZT-4 1300-1475 48-135 7500 0.6 365 
(PbZrTiO3) 
PZT-SA 1730 48-135 7750 0.66 365 
(PbZrTiO3) 
Quartz (SiO2) 4.52 107 2650 0.09 a, 
Lithium tantalate 41 233 7640 0.51 350 
(LiTaO3) 
Lithium niobate 44 245 4640 oe sis 
(LiNbO3) 
PVDF 13 3 1880 0.2 80 


electrodes on its faces. Just as a bell rings when struck, the quartz plate also “rings,” but at a 
very high frequency, and produces an AC voltage between the electrodes at its mechanical 
resonant frequency. When such a crystal is used in an oscillator, positive feedback provides 
energy to the quartz crystal to keep it ringing, and the oscillator output frequency is precisely 
controlled by the quartz crystal. Quartz is not the only crystalline material that exhibits a 
piezoelectric effect, but it is used in this application because its oscillation frequency is quite 
insensitive to temperature changes. Quartz-crystal oscillators are able to produce output fre- 
quencies from about 10 kilohertz to more than 200 megahertz and, in carefully controlled en- 
vironments, can have a precision of one part in 100 billion, though one part in 10 million is 
more common. 

The material properties are well-characterized for quartz. The compliance matrix, piezo- 
electric coefficient matrix, and dielectric constants for quartz are summarized below. 


12.77 1.79 1.22 4.5 0 0 


-1.79 1277 -122 45 0 0 
-1.22 -122 9.46 0 0 0 cer 
= x i 
o ee A5 0 2004 0 0 BOS EEN Wl) 
0 0 0 0 20.04 -9 
0 0 0 0 -9 291 


-2.3 23 0 -067 0 0 
d=| 0 0 0 0 067 46 |Xx10 C/N (7.15) 
0 0 0 0 0o 0 


s=| 0 452 0 (7.16) 
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PZT 


The lead zirconate titanate (Pb(Zr,,Ti;-,)O3, or PZT) system is widely used in polycrystalline 
(ceramic) form with very high piezoelectric coupling. The name PZT actually represents a 
family of piezoelectric materials. Depending on the formula of preparation, PZT materials may 
have different forms and properties. Manufacturers of PZT use proprietary formulas for their 
products. For example, PZT-4, PZT-5, PZT-6, and PZT-7 are doped by Fe, Nb, Cr, and La, re- 
spectively [20]. 

Techniques that are commonly used for preparing bulk PZT materials (such as PZT-4 and 
PZT-5A) are not suited for microfabrication. A number of techniques for preparing PZT films 
have been demonstrated, including sputtering, laser ablation, jet molding, and electrostatic 
spray deposition [21]. One of the most widely used methods to prepare thin film PZT material 
for MEMS is sol-gel deposition. Using this method, relatively large thickness (e.g.,7 um) can be 
reached easily [4, 6], using single or multiple layer deposition. 

Using a processing technique called screen printing, even thicker PZT films can be 
reached in a single pass [3, 22, 23], with the highest piezoelectric coupling coefficient being 
50 pC/N, significantly lower than what is achievable in bulk PZT. The screen printing ink 
consists of sub-micron PZT powders obtained commercially, and lithium carbonate and 
bismuth oxide as bonding agent. After screen printing, the deposited materials are dried 
and then fired at high temperature for densification. The sol-gel deposition process is con- 
stantly being advanced. Pin-hole free PZT films up to 12 um thick has been realized with 
d33 in the 140-240 pC/N range [3], though single-layer deposition thickness of 0.1 um is 
more common. 

Properties of representative PZT materials are discussed below. The d matrix for 
Pb(Zr9.40,Tip.69) TiO3 is given as 


0 0 0 0 293 0 


d;=| 0 0 0 293 0 O|pCN. (7.17) 
442 -442 117 0 0 0 


The d matrix for Pb(Z1r9.52,Ti9 4g) TiO3 is 


0 0 0 0 494 0 
0 0 0 494 0 0 |pcCN. (7.18) 
-93.5 -93.5 223 0 0 0 


dij c 


For PZT-4, a special PZT material developed for underwater sonar applications, the compliance, 
piezoelectric coupling and relative permitivity matrix are summarized below. 


123 -405 -531 0 0 0 
-405 123 -531 0 0 0 
-5.31 -5.31 155 0 0 0 
= x 10° m?/N 7.1 
3 0 0 0 39 0 0 m ee 
0 0 0 0 39 0 
2 


0 0 0 0 0 32 
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0 0 0 0 49% 0 
d=| 0 0 0 49% 0 0O}]x10"C/N (7.20) 
-123 -123 289 0 0 0 


1475 0 0 
s=] 0 1475 0 (7.21) 
0 0 1300 


For PZT-5A, the compliance, piezoelectric coupling and relative permitivity matrix are: 


16.4 -5.74 -722 0 0 0 
—5.74 164 -722 0 0 0 
—7.22. —-7.22 188 0 0 


0 122 
= x ; 
à 0 0 0 475 0 0 ie (1:22) 
0 0 0 O° 4715 0 
0 0 0 0 0 443 
0 0 0 0 584 0 
d=| 0 0 0 584 O 0|x10 C/N (7.23) 


—171 -171 374 0 0 0 


1730 0 0 
s=| 0 130 0 (7.24) 
0 0 1730 


7.2.3 PVDF 


The polyvinylidenfluoride (PVDF) is a synthetic fluoropolymer with monomer chains of 
(—CH,—CF,—),. It exhibits piezoelectric, pyroelectric, and ferroelectric properties, excel- 
lent stability to chemicals, mechanical flexibility, and biocompatibility [24]. The piezoelectric 
effect of PVDF has been investigated and modeled [25]. 

Thin-stretched PVDF films are flexible and easy to handle as ultrasonic transducers. 
The material is carbon based, usually deposited as a spin cast film from a dilute solution in 
which PVDF powder has been dissolved. As for most piezoelectric materials, process steps 
after deposition greatly affect the behavior of the film. For example, heating and stretching 
can increase or decrease the piezoelectric effect. PVDF and most other piezoelectric films re- 
quire a polarizing after deposition. 

The d matrix of PVDF is 


d=|0 0 0 <1 0 O|pcyN. (7.25) 
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7.2.4 ZnO 


ZnO material can be grown using a number of methods, including rf or dc sputtering, ion plat- 
ing, and chemical vapor deposition. In the MEMS field, ZnO is most commonly deposited by 
magnetron sputtering [26, 27] on various materials, with the c-axis (or Z axis) close to the nor- 
mal of a substrate. For ZnO, the c-axis is spontaneously formed without poling. 

Strategies for reducing the intrinsic stress of ZnO has been explored, in order to realize 
large area, thicker films [28]. As-deposited ZnO films have significant compressive stress, rang- 
ing from 1 GPa to 135 MPa [7]. The stress can be reduced using thermal annealing, (e.g., at 
500°C for 5 min) to 100 MPa to 80 MPa range. 

A popular electrode material on top of the ZnO thin film is aluminum, which can be 
etched using a solution of KOH, K3Fe(CN),, and water (1 g:10 g:100 ml). ZnO itself can be 
etched using wet etchants such as CH3COOH:H3PO,:water (1 ml:1 ml:80 ml) at fast rate [29]. 
Techniques have been developed to avoid excessive undercutting and produce fine features [30]. 

The piezoelectric coefficient matrix for ZnO is 


0 0 0 0 -11.34 0 
d=| 0 0 0 1134 0 0 IpCN. (7.26) 
5.43 -5.43 1137 0 0 0 


However, the exact values of the matrix depend on treatment conditions and crystallinity regu- 
larity (single crystal vs. polycrystal). 


( 2 
2# Example 7.2 ZnO Piezoelectric Force Sensor 


A patch of ZnO thin film is located near the base of a cantilever beam, as shown in Figure 7.4 
below. The ZnO film is vertically sandwiched between two conducting films. The length of the 
entire beam is /. It consists of two segments—A and B. Segment A is overlapped with the piezo- 
electric material while segment B is not. The length of segments A and B are l4 and lg, respec- 
tively. If the device is used as a force sensor, find the relationship between applied force F and 
the induced voltage. 


Solution. The c-axis (axis 3) of deposited ZnO is generally normal to the front surface of 
the substrate it is deposited on, in this case the beam. A transverse force would produce a lon- 
gitudinal tensile stress in the piezoelectric element (along axis 1), which in turn produces an 
electric field and output voltage along the c-axis. The shear stress components due to the 
force are ignored. 
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The stress along the length of the piezoresistor is actually not uniform and changes with posi- 
tion. For simplicity, we assume the longitudinal stress is constant and equals the maximum 
stress value at the base. The maximum stress induced along the longitudinal direction of the 
cantilever is given by 


O1 max 7 Mt/ (21) = Fityeam/2Ipeam- 


The stress component 01 max is parallel to axis 1. 
According to Equation 7.2, the output electric polarization in the direction of axis 3 is 


D3 = d3101,. max. 
The overall output voltage is then 


V E D3tpiezo Fltyeamtpiezo 
= ty = = 
3' piezo is 2g Tacs 


with fpiezo being the thickness of the piezoelectric stack. 


Example 7.3 ZnO Piezoelectric Actuator 


For the same cantilever as in Example 7.2, derive the vertical displacement at the end of the 
beam if it was used as an actuator. The applied voltage is V3. 


Solution. Under the applied voltage, the electrical field in axis 3 is 


V 
E = — 


Ípiezo 


The applied electric field creates a longitudinal strain along axis 1, with the magnitude given by 
Equation 7.5 as 


s1 = Ezd31. 


Segment A is curved into an arc. The radius of the curvature r due to applied voltage can be 
found from Equation 7.13. 
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The displacement at the end of segment A, 6(x = /,), can be found by following similar proce- 
dure used in Example 7.1. The angular displacement at the end of the piezoelectric patch is 
la 
ġe =l) =Z 
i 
The segment B does not curl and remains straight. The vertical displacement at the end of the 
beam is 


8(x = 1) = &(x = l4) + Ipsin[o(x = 14)].- 


( 2 
2# Example 7.4 ZnO Piezoelectric Actuator 


A ZnO thin film actuator on a cantilever is biased by coplanar electrodes. The geometry of 
beams and piezoelectric patches is identical as in Example 7.2. Find the output voltage under 
the applied force. If the structure is used as an actuator, what are the stress components when a 
voltage is applied across the electrodes? 


N 


l4 


Solution. The applied force generates two stress components —normal stress Tı and shear 
stress Ts. The output electric field is related to the stresses according to the formula for direct 
effect of piezoelectricity 


Tı 

To 
Dı dı diz di3 dig dis di6 T. ey En 8g || Æ 
Dı |=| dn dn d3 dog d3 d% +| en en ez || Ep |. 
D3 dz1 d3z2 d3 d34 d3ł5 d36 h E31 £32 £33 |L E3 

T6 


Since no external field is applied, the terms £4, E2, and £3 on the righthand side of the above 
equation are zero. The formula can be simplified to the form 


Ti 

0 
Dı 0 0 0 0 “11.34 0]| 4 
De =| 0 0 0 11.34 0 0}! 6 x 10”. 
D; —5.43 5.43 11.37 0 0 0 T 
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Therefore, 


Dı = -11.34 x 10°” x T; 
D3 = —5.43 x 10” x Tı 


The output voltage is related to the polarization in axis-1, 
Dı 
Vi = — X l4. 
e€ 


Let’s find the output stress when the device is used as an actuator. Suppose a voltage V is 
applied across the longitudinal direction. Here we assume the spacing between the two elec- 
trode is l4, hence the magnitude of the electric field is 


V 


B=- 
1 la 


The applied electric field creates a longitudinal strain along axis 1. The strain is found by 


Sy Su 812,813 S4 s S16 |] Ti dı dn d3 

s2 So, S52 S53 ā S4 S25 s2% || T d2 dn dz E 

s3 | [Ss $32 533 s34 s35 s3 || T3| | dis d3 dss P 
s4 S41 S42 S43 S44 Sas S46 || T4 dig du d34 = l 
s5 S51 S52 S53 S54 S55 Sse || Ts dıs dəs 35 : 
56 S61 S62 S63 S64 S65 S66_ILT dig dx% 36 


Since no external stresses are applied, we set Tı through T6 zero. The simplified formula for 
strain is 


sı 0 0 5.43 0 

5 0 0 5.43 0 
Ey 

sl | o0 Oe r a legal 

S4 0 —11.34 0 0 0 

s5 -11.34 0 0 Ss 

56 0 0 0 0 


No longitudinal strain components are generated in this manner. 


Example 7.5 ZnO Piezoelectric Actuator 


Derive the expression for the end displacement of piezoelectric transducer configured similarly 
as Example 7.4, with the difference that the electrodes are used to pole the ZnO material. In 
other words, axis-3 is now forced to lie in the longitudinal direction of the beam length. A volt- 
age V is applied across two electrodes. 
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Solution. The electric field in the longitudinal axis is 


v 
E; = 
3 iG 


The applied field induced a longitudinal strain (S3) according to 


s1 0 0 —5.43 
s2 0 0 -5.43 
83 | _ 0 0 aar |e vere 
s4 0 -11.34 0 à 
Ss -11.34 0 0 ° 
56 0 0 0 
or 
s3 = d33E3. 


We should use s3 to replace Siong in Equation 7.8. The subsequent analysis is similar to the one 
performed for Example 7.3. 


Other Materials 


Aluminum nitride (AIN) is another common thin film piezoelectric material. However, it is 
not as popular as ZnO, as its piezoelectric coefficients are lower. The d matrix for aluminum 
nitride is 
0 0 0 0 4 0 
dj=| 0 0 0 4 0 O |pC/N. (7.27) 
-2 -2 5 0 0 0 
Lithium niobate (LiNbO3) and barium titanate are not as commonly used in the MEMS field 
but found wider use in acoustic areas. The coupling matrix for lithium niobate is 
0 0 0 0 68 —42 
dj; =| -21 21 0 68 0 0 |pC/N. (7.28) 
-1 -1 6 0 0 0 


The properties of barium titanate depend on the crystallinity configurations. For single crystal 
bulk barium titanate, the d matrix is 


7.3 


7.3 Applications 285 


0 0 0 0 392 0 
d;=| 0 0 0 392 0 O|pCN. (7.29) 
34.5 345 85.6 0 0 0 


For polycrystalline bulk barium titanate, the d matrix is 


0 0 0 0 270 6 
dj=| 0 0 0 270 o0 0 |(pC/N). (7.30) 
-79 -79 19 0 0 0 


APPLICATIONS 


Piezoelectric materials can be used in many micro sensors and actuators. We will focus on the 
discussion of four types of sensors: inertia sensors, pressure sensors, tactile sensors, and flow 
sensors. Meanwhile, two examples of piezoelectric actuators will be reviewed. The case studies 
collectively will reveal design, materials, and fabrication issues specifically related to piezoelec- 
tric MEMS devices. 


Inertia Sensors 


Commercial MEMS accelerometers are primarily based on electrostatic or piezoresistive 
sensing. Piezoelectric sensors require more complex materials and fabrication processes. 
Nonetheless, piezoelectric acceleration sensors have been made in the past. In this section, 
we will review two such examples, one based on a cantilever proof mass (Case 7.1) and an- 
other based on a membrane proof mass (Case 7.2). The sensor in Case 7.1 is made using sur- 
face micromachining process, whereas the one in Case 7.2 was realized using bulk 
micromachining process. 

Integrating piezoelectric material in MEMS is not straightforward. First, controlling the 
microstructure of piezoelectric thin films requires careful calibration and, often, dedicated 
equipment. Secondly, many piezoelectric thin films are not chemically inert. Care must be exer- 
cised to prevent damages to piezoelectric thin films during processing. 


( XV 
Æ Case7.1 Cantilever Piezoelectric Accelerometer 


One of the applications of piezoelectric sensors is micromachined accelerometers. An ex- 
emplary device has been reported by a research group at the University of California at 
Berkeley [7]. The schematic diagram of the sensor is shown in Figure 7.5. A proof mass is 
attached at the end of a fixed-free cantilever beam. The cantilever beam consists of multi- 
ple layers of materials, with ZnO being the functional piezoelectric material. ZnO is used 
instead of PZT because, although the PZT material offers greater piezoelectric coefficient, 
it does so at the expense of greater dielectric constant and hence larger capacitance. 
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The piezoelectric layer is sandwiched between a top conducting layer (platinum) and 
a bottom conducting layer (polysilicon), similar to Example 7.2. A vertical acceleration will 
deflect the cantilever, producing a longitudinal stress in axis 1, along the length of the can- 
tilever. (The ZnO film is polarized in the direction normal to the substrate.) 

Simple analysis in Example 7.2 does not apply here, however. The analysis is rela- 
tively complex because the proof-mass weight and the piezoelectric layer are distributed in 
length and thickness. The distribution of stress is nonuniform along the length. However, it 
can be said that the output voltage is proportional to d34, since the stress is applied in axis-1 
and the electric polarization is measured in axis-3. The value of d3; is 2.3 pC/N in this case. 
Comprehensive modeling of the device performance can be found at [14]. 

The fabrication process is briefly discussed below. A silicon oxide and a silicon ni- 
tride layer are deposited over the silicon wafer to serve as insulating layers. A phospho- 
rous-doped polycrystalline silicon film is deposited and patterned via reactive ion etching 
to define electrical contacts to the bottom electrodes of the accelerometer. Here, the au- 
thors used polysilicon instead of metal because polysilicon can withstand much higher 
processing temperature and provide greater flexibility for down-stream process steps. 
Next, a 2-um-thick layer of phosphosilicate glass is deposited by LPCVD, and patterned 
to define regions under the suspended cantilever. A second layer of 2-wm-thick silicon is 
deposited, covering bare silicon surfaces, the first polysilicon trace, and the PSG sacrificial 
layer. This layer is patterned by using reactive ion etching (RIE) process with photoresist 
as the mask. 

The RIE etch rate on silicon nitride and oxide (including PSG) is smaller, reducing 
damages of over-time etch. However, care must be exercised to prevent or minimize over- 
etching the first polycrystalline layer. The authors then removed the photoresist layer with 
acetone. 

A thin LPCVD silicon nitride layer is deposited over the wafer. This film serves as a 
stress-compensation layer for balancing a highly compressive stress in the ZnO film. The 
exact thickness of this layer depends on the actual stress and thickness of the ZnO layer. 
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Next a ZnO layer on the order of 0.5 um thick is deposited by RF-magnetron sput- 
tering from a lithium-doped ZnO target. Finally, a 0.2-um-thick Pt thin film is sputtered. 
The stress of the ZnO film is reduced by a rapid thermal annealing step. Afterwards, the 
three layers area defined using ion milling to produce precisely defined patterns. The 
underlying sacrificial layer is removed using HF solutions while the patterned ZnO 
patch is protected by photoresist. The ZnO protection is necessary because, although 
the film is covered by Pt on top, it is exposed on the side and through possible pin-holes 
on the Pt films. 

The device exhibited a sensitivity of 0.95 fC/g and a resonant frequency of 3.3 KHz. 


Case 7.2 Membrane Piezoelectric Accelerometer 


A second example of accelerometer uses PZT instead of ZnO as the sensing material [6] 
because of its greater piezoelectric coefficient. The structure is also different from the pre- 
vious example. The sensor consists of a silicon proof mass suspended by an annular di- 
aphragm supporting a center proof mass (Figure 7.6). The annular ring design provides 
desired mechanical characteristics, including high resonant frequency and insensitivity to 
transverse acceleration due to symmetry. 
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FIGURE 7.6 


A piezoelectric accelerometer. 
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Three ring-shaped electrodes are involved in this device. Two concentric elec- 
trode rings are placed on the top of the membrane. A bottom electrode ring is placed 
underneath the PZT ring. Electric field between the bottom electrode and the top 
electrodes provide in-situ poling. The output voltage is measured between two top 
electrodes. 

The vertical displacement of the proof mass induced radial stress distribution. This 
radial stress element produces a radial electric field between the two concentric elec- 
trode rings. Vertical deformation of a proof mass causes complex radial stress distribu- 
tion. For example, if the membrane is vertically moved down, the stress is compressive 
within the radial vicinity of the proof mass but tensile within the radial vicinity of the 
outside frame. 

The stress components in the annular ring upon vertical deformation of membrane 
due to applied acceleration are radially distributed. Unlike other examples in this chapter 
in which a single coordinate system is used for the entire device, each cross section of the 
device is assigned a coordinate system, with axis 1 pointing in the radial direction and axis 3 
being perpendicular to the substrate. 

Recall the general form of the piezoelectric coefficient matrix for PZT is 


© o © 0dr 0 
dj=| 0 0 0 dy 0 O|pC/N 


The stress component along the radial direction, T}, produces an electric polarization 
(output) in the direction of axis 3, with D3 = dz T4. 

Because the signs of radial stress change from the frame to the proof mass, the 
PZT material in these two regions are poled with opposite polarization. This way, the 
output voltages from these two regions add up instead of canceling each other out. If 
the device relied on spontaneous poling, which would have a uniform direction 
throughout the entire material, the voltage output from differently stressed regions 
would cancel each out. 

The fabrication process starts with a silicon wafer (step a), which is coated with silicon 
oxide, platinum, PZT film, and then gold. Top electrodes (annular rings) are made in gold, 
whereas the bottom electrode is made in platinum (step b). The bottom electrode is used 
only for poling the PZT material in situ. Deep reactive ion etching is performed using pat- 
terned oxide on the backside as the mask (step d). The oxide on the front side is then 
etched to finalize the process (step e). 

The MEMS sensor is tested by connecting the output of the sensor to a charge ampli- 
fier, which has a 10 pF feedback capacitor with an amplification of 10 mV/pC. Sensitivity 
ranging from 0.77 to 7.6 pC/g in the frequency range from 35 to 3.7 kHz was measured. This 
high sensitivity coupled with broad frequency range was attributed to the FEM simulation 
and optimization. Unfortunately, it is difficult to model the behavior using simply analytical 
formula because the annular ring design involves a range of spatial crystalline orientations 
and Young’s modulus. 


7.3.2 
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Acoustic Sensors 


There is growing interest in using micromachining technology to create microphones. MEMS 
based microphones offer good dimensional control, miniaturization, direct integration with on- 
chip electronics, arrayed format, and potentially low cost due to batch processing. Piezoelectric 
microphones using diaphragms made of silicon nitride, silicon, and even organic thin film (e.g., 
Parylene [29]) has been made. On-chip integrated signal-conditioning circuitry has shown un- 
amplified sensitivity of 0.92 mV/Pa [8]. Let us review two cases. Case 7.3 focuses on a membrane 
type acoustic sensor with PZT as the transduction material. Case 7.4 is a cantilever-type 
acoustic sensor using ZnO. Both sensors are made using bulk micromachining material. 


( XN 
Æ Case 7.3 PZT Piezoelectric Acoustic Sensor 


Bernstein and colleagues described the use of an array of piezoelectric transducers as an 
underwater acoustic imager [3]. The imager is akin to a CCD imager for optics. It consists 
of an 8 by 8 array of acoustic imaging sites. The cross-sectional view of each site is shown in 
Figure 7.7. A layer of piezoelectric material—sol-gel deposited lead zirconate titanate 
(PZT), lies on tops of a silicon micromachined diaphragm. The size of each membrane 
varies from 0.2 to 2 mm. 

Two electrodes sandwich a PZT thin film. The fabriation process is noteworthy be- 
cause it involves the use of sol-gel deposition of piezoelectric materials. After oxidizing the 
silicon wafers (Figure 7.8a) and patterning the oxide, a heavy boron dose was diffused in 
all but the oxide protected areas where through-wafer cavities would later be deposited 
(Figure 7.8b). All remaining oxide is removed. A layer of low temperature oxide (LTO) is 
deposited using the LPCVD method. A 50-nm-thick Ti and 300-nm-thick Pt layer are de- 
posited as the bottom electrode, with the Ti serving to increase the adhesion between the Pt 
and oxide (Figure 7.8c). This was followed by deposition of PZT by spinning on a sol-gel 
mixture of lead acetate trihydrate, zirconium n-propoxide and titanium isoproposide in a 
glacial acetic acid solvent. The sol-gel material is spun on, dried at 150°C to remove the sol- 
vent, heated at 400°C to remove residual organics, and preannealed at 600°C to densify the 
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layer and prevent further shrinkage (Figure 7.8d). Detailed receipe for making the sol-gel 
solutoin can be found in the paper. The PZT material is poled at room temperature at 36 V 
DC bias for 2 minutes, to yield a resulting PZT film with a relative permitivity of 1400 and 
d33 of 246 pC/Nn. 

The PZT film is patterned by wet etching PZT in a solutoin containing buffered hy- 
drogen fluoride (BHF) and hydrochloric acid (HCl) (Figure 7.8e). The BHF is a mixture of 
aqueous ammonium fluoride (NH4F) and acqueous hydrogen fluoride (HF) [31]. The top 
electrode is separated from the ZnO by a 2-um-thick polyimide dielectric layer. This is fol- 
lowed by the deposition of a top electrode and its patterning (Figure 7.8f). The backside 
cavity is produced in anisotropic etchant, with the frontside tempoerarily protected by a sil- 
icone elastomer cover (Figure 7.8g). Prior to silicon etching, the LTO oxide on the backside 
is first removed. 


Case 7.4 PZT Piezoelectric Microphone 


A second example is a piezoelectric cantilever microphone and microspeaker [9]. This ex- 
ample is selected because of its unique transduction principle, the choice of ZnO as mater- 
ial, and the involvement of wet and dry silicon etching in one process flow. 
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Earlier work in Case 7.3 uses micromachined diaphragms that are clamped on all 
four sides. Cantilever microphones are chosen here because of the compliance (Figure 7.9). 
The cantilever is also free from any residue-stress induced on a membrane. The authors 
stated that the use of a cantilever actually created a microphone with great sensitivity 
(20mV/mbar at 890 Hz, the resonant frequency). Conversely, acoustic output can be 
generated when the device is used as an actuator, with a sound pressure level of 75 dB at 
890 Hz with 4 V (zero-to-peak) drive. 

The size of the cantilever is 2 mm by 2 mm, with the overall thickness being 4.5 wm. A 
ZnO thin film is located on the cantilever. The fabrication begins with a <100>-oriented 
silicon wafer. A 0.2-um-thick oxide is grown by thermal oxidation, followed by the LPCVD 
deposition of a 0.5-um-thick silicon nitride. The nitride is deposited at 835°C and 300 mTorr 
deposition pressures from a vapor with a 6:1 ratio of dichlorosilane (DCS, SiH2Cly) to 
ammonia. An anisotropic silicon etch is performed on the backside of the wafer until the 
silicon oxide is reached. The membrane is rather large and thin. Care must be exercised when 
conducting further processing on the front side of the wafer. To provide sufficient strength to 
the membrane to survive the remainder of chemical processes, a second 0.5-4m-thick LPCVD 
nitride layer is deposited on both side of the silicon wafer, with a reaction gas ratio of 4:1. 

A 0.2-ym-thick LPCVD polysilicon electrode is deposited on the wafer. The front 
side of the wafer is coated with spin-on photoresist and patterned. The photoresist serves as 
a mask in a plasma etching process to etch the polysilicon. Because the etch rate on silicon 
nitride is finite, care must be taken to prevent excessive over etch of the silicon nitride. For- 
tunately, two coatings of silicon nitride (with a total thickness of 1 um) are present on the 
front side. The front side is then coated with a LPCVD low temperature oxide (LTO), an 
insulating layer. The wafer is annealed for 25 min at 950°C to reduce stress to relieve stress 
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and activate dopants in the polysilicon. A 0.5-ym-thinck layer of ZnO is deposited using 
RF-magnetron sputtering. The ZnO is then encapsulated with another layer of LTO 
(0.3 um thick). Contact windows are made at the contact pad sites. 

Next a layer of aluminum is deposited by sputtering and photolithographically pat- 
terned. The wafer is then diced into individual dies. Because the dicing process involves 
vacuum on the backside for holding the wafer and running water on the front side for re- 
moving particles and heat, the membrane are subjected to rather harsh conditions. Option- 
ally, a 0.5-mm-thick aluminum thin film can be deposited on the backside to further 
strengthen the membrane during this step. At the die level, the LTO, nitride, and the alu- 
minum on the membrane are patterned using HF, plasma etch, and a wet etchant contain- 
ing K3Fe(CN)¢ and KOH, respectively. 


7.3.3 Tactile Sensors 


The thrust of the tactile sensor research is to quantitatively measure contact forces (or pres- 
sure), mimicking human-like spatial resolution and sensitivity, large bandwidth, and wide dy- 
namic range. A piezoelectric tactile sensor is discussed in Case 7.5. 


( ~ 
d Æ Case7.5 Polymer Piezoelectric Tactile Sensor 


To reduce electrical noise and impedance mismatch effects, a two-dimensional matrix of 
high input impedance metal-oxide-semiconductor field effect transistor (MOSFET) am- 
plifiers have been directly gate-contact coupled to the lower surface of a piezoelectric 
PVDF polymer film [32]. This MOSFET amplifier arrangement provides a separate, but 
identical high input impedance (10! Q) voltage measurement capability for each taxel 
(tactile pixel). 

To realize a tactile sensor no larger than an adult’s finger tip, a silicon IC with 
peripheral dimensions of 9.2 mm by 7.9 mm is designed and fabricated. The prototyping 
was performed by MOSIS (Metal-oxide-semiconductor Implementation System) 
foundry service. A portion of the IC’s area was reserved for the MOSFET amplification 
and output interface circuitry. The 8 by 8 taxel matrix was allocated to an area of 5.3 mm 
by 5.3 mm. 

A schematic diagram of the sensor array with cross section revealed is shown in 
Figure 7.10. A continuous, poled PVDF film is attached to the front surface of the silicon 
chip. A 6-um-thick urathane conformal coating layer was deposited on the PVDF film by 
spin coating. Individual taxel electrodes (400 XxX 400 um) are separated from their nearest 
neighbors by 300 um. 

Although this work focuses on measuring the normal stress component, tactile sen- 
sors with polymer piezoelectric materials have been developed with component-selective 
response characteristics [33, 34]. 
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Tactile sensor array. 
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Flow sensors can be built using piezoelectric principles in similar fashion as piezoresistive flow 
sensors, although the material deposition and optimization will require more efforts in general. 
For example, floating-element shear-stress sensors have been made using piezoelectric bi- 
morph sensors [35]. We focus on discussing a flow rate sensor based on piezoelectric principle 
(Case 7.6). 


A volumetric flow-rate sensor based on piezoelectric sensing is discussed in [36]. This ex- 
ample is selected because it involves integrating piezoelectric thin films on polymer mate- 
rials and with fluid channels. 


The device consists of two pressure-sensing elements with piezoelectric readout con- 


nected to a hydraulic restriction channel at two locations (up- and down-stream). The pres- 
sure difference measured using the piezoelectric sensors provides information about the flow 
rate, since the pressure difference along a channel and the volumetric flow rate are linked by 
the Bernoulli’s equation. The device has been designed to measure flow rates from 30 pl/h to 
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300 l/h. The restriction has a hydraulic resistance of R, = 60 mbar/(ml/h) with a channel 
length of 10 mm and a hydraulic diameter of 67 um. 

Each pressure sensor consists of a membrane (made of polyimide) carrying an annu- 
lar ring made of ZnO. The diameter of the membrane is 1 mm with the thickness being 
25 um. The strain distribution is not uniform throughout the ring. It was found that the av- 
eraged strain is 6.8 X 10™ for a pressure of 100 mbar. An annular ring is used rather than a 
continuous circular membrane. The ZnO material is located in the region with an identical 
sign of radial stress when the membrane is deformed. 

The device is fabricated starting from a silicon wafer (Figure 7.11). First, 50 wm deep 
channels are etched by reactive ion etching into the wafer surface (step b). Fluid intercon- 
nection holes are drilled using an ultrasonic drilling tool (step c). Next, a commercially 
available heat bonding type polyimide sheet (UPILEX@ VT) is bonded to the etched 
silicon wafer at a bonding pressure of 50-100 bars and a temperature of 300°C (step d). On 
the sealed wafer a gold electrode is evaporated and patterned on the planar polyimide 


constricted flow 


tarting sili f 
(a) starting silicon wafer (d) 


(b) 


(f) 


(c) 


FIGURE 7.11 


Piezoelectric flow sensor. 
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membrane (step e), followed by a silicon dioxide insulation layer deposited by plasma en- 
hanced chemical vapor deposition (PECVD). Here, the authors did not use LPCVD oxide 
because the temperature of deposition is too high for the polyimide. A 1-wm-thick ZnO 
film is then sputtered using RF magnetron sputtering from a sintered ZnO target and is 
then coated with a second insulation layer. Finally, an aluminum electrode is deposited 
using a lift-off process (step f). Lift-off process does not involve wet etching for patterning, 
which may attack underlying layers including ZnO. 

The average pressure sensor sensitivity is 8 mV/mbar. Flow volume of 1 to 10 nl has 
been measured. 


Surface Elastic Waves 


Piezoelectric materials, under proper electrical bias, can launch elastic waves in bulk or thin 
films. Two most commonly encountered elastic waves are the surface acoustic wave (SAW) and 
flexural plate wave (or Lamb wave) (Figure 7.12). The SAW occurs on samples of appreciable 
depth, whereas Lamb waves occur in thin plates of materials. 

Surface elastic waves can be launched using comb drive electrodes. The principle of 
launching a SAW wave on a bulk piezoelectric material (e.g., PZT) is illustrated in Figure 7.13. 
Electrodes are arranged in an interdigitated fashion. AC voltage between electrode fingers 
creates electric field lines in between neighboring conductors. For the launcher, the electric 
field lines are parallel to axis-1. Under the influence of E4, the mechanical stress is 


s1 dı du dz 0 0 dy 0 
s2 d2 dn dz E, 0 0 dx E, 0 
s3 |_| d3 d3 d3 mle o 0 ds}! 5 | =| 2 (731) 
s4 dig dọ d34 E; 0 dy 0 0 0 
s5 dıs dos d35 ds 0 0 s5 
56 dig dy 36 0 0 0 0 
— 
A NA N = 
surface acoustic wave Lamb wave 


FIGURE 7.12 


Surface acoustic wave and flexural plate wave. 
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which corresponds to a moment acting along axis-2. The disturbance to bulk lattice dissipates 
by propagating as an elastic wave. 

The elastic wave propagates along axis 1 towards a set of receiver electrodes. As the wave 
propagates, it interacts with the solid interior as well as with the surface. Once the wave arrives 
at the receiver electrode, it is converted back into electrical polarization in axis 1, according to 
this formula: 


0 

0 
di o 0o 0 0 ds 0} | disT: 
a|=| o0 0 0 dy 0 Off |=| 0 (7.32) 
d3 d3, dx d33 0 0 0 0 

Ts 

0 


The surface elastic wave have a wide variety of functions [37], ranging from chemical sensing, 
environmental monitoring, electrical circuitry, and transportation of fluid in contact with the 
surface [4]. The possibility of pumping liquid with a flow rate up to 0.255 l/min has been 
demonstrated. Propagation characteristics such as amplitude and frequency are influence by the 
density, viscosity, and molecular weight of particles or solutions in contact with the surface of the 
bulk. As such, the surface elastic wave can be used to broadly characterize physical and chemical 
phenomenon occurring in a region between the launcher and receiver electrodes [27]. 
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SUMMARY 


This chapter addresses governing equations of piezoelectricity, materials, and device designs. 
The topic of piezoelectric sensing and actuation is quite broad and cannot possibly be covered 
in one chapter. This chapter is intended to provide a starting point for interested readers to ex- 
plore further. 
At the end of this chapter, a reader should understand the following qualitative 

concepts: 

e The origin of direct and inverse effects of piezoelectricity. 

e Essential crystal properties of materials with piezoelectricity. 

e Governing equations of direct effect of piezoelectricity. 

e Governing equations of inverse effect of piezoelectricity. 

e Commonly used piezoelectric materials and their major properties. 

e Quantitative analysis of piezoelectric sensor based on a cantilever beam configuration. 

e Analysis of piezoelectric actuator based on a cantilever beam configuration. 


e Qualitative understanding about design issues of piezoelectric sensors and actuators 
based on suspended membranes. 


e The functional principle of surface elastic wave devices. 
In terms of quantitative understanding and skills, a reader should be able to: 

e Given a geometry of a piezoelectric sensor with electrodes, evaluate the transfer 
function. 

e Given a geometry and material of a piezoelectric actuator, derive the deformation. 


e Given a desired sensor function and mechanical element (cantilever, beam, membrane), 
identify possible candidate piezoelectric devices. 


PROBLEMS 
SECTION 7.1 


Problem 1: Review 


Prove that the unit of piezoelectric coefficient is C/N from the governing equation of the inverse effect of 
piezoelectricity, Equation 7.6 


Problem 2: Design 


For PZT material, how many different ways are there to generate a pure torque? Assume the axis-3 is 
aligned normal to the substrate. Draw perspective view diagrams for the position of electrodes. Explain 
your answers. 


Problem 3: Design 


A piezoelectric force sensor has the following configuration. If a force is applied in the direction shown, 
what will be the expression of the output voltage? 
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Problem 4: Design 


A piezoelectric actuator has 
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the following configuration. If a voltage is applied across the two electrodes, 


what is the expression of the resultant linear displacement at the end of the cantilever? 
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Problem 5: Design 


Consider the piezoelectric actuator diagramed in Problem 4. The applied voltage is fixed. If the thickness 
of the piezoelectric layer can be continuously changed within the range of 5% to 100% of the thickness of 
the elastic layer, discuss the output force as a function of the piezoelectric layer thickness. Discuss the out- 
put displacement as a function of the piezoelectric layer thickness. 


Problem 6: Design 


Derive the expression for the vertical displacement at the end of the cantilever. 


t 


piezo 


l 


piezo 
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Problem 7: Analysis 


Assume that two layers of piezoelectric bimorph actuator have the same width, reduce Equation 7.9 to a 
simpler form. Identify materials clearly. 


SECTION 7.3 


Problem 8: Fabrication 


Draw cross-sectional fabrication sequence associated with Case 7.1. Include details of lithography steps 
and consider the process on the backside of the wafer as well. For each step that involves etching or ma- 
terial removal, comment on the selectivity of the etching agents on all materials exposed to it during the 
particular step. 


Problem 9: Fabrication 


Complete a design of a floating element fluid shear stress sensor using similar design principle as the 
piezoresistive shear stress sensor discussed in Section 6.4.4. [38]. Develop a fabrication process and draw 
a detailed process flow, in a representative cross section. The cross section must include piezoelectric ele- 
ments. Include full details of lithography steps. For each step that involves etching or material removal, 
comment on the selectivity of the etching agents on all materials exposed to it during the particular step. 


Problem 10: Review 


Draw a diagram illustrating the sign of stress and the direction of electrical polarization at one arbitrary 
cross section in Case 7.2, when the proof mass is bent down. Repeat the process for when the diaphragm 
is bent upward. 


Problem 11: Fabrication 


For Case 7.2, if the membrane were to be made of LPCVD silicon nitride instead of single crystal silicon, 
draw an alternative fabrication process. Include full details of lithography steps. For each step that in- 
volves etching or material removal, comment on the selectivity of the etching agents on all materials ex- 
posed to it during the particular step. 


Problem 12: Challenge 


For the acoustic sensor example in Case 7.3, derive an analytical expression for the output response of the 
sensor with respect to a uniformly applied pressure with a magnitude of p. Is the sandwich electrode con- 
figuration optimal for high sensitivity? Consider at least one alternative configuration and companion de- 
signs, performance, and fabrication steps. (Hint: the acoustic sensor is a circular membrane with fixed 
boundary conditions placed under a uniform pressure field.) 


Problem 13: Fabrication 


The example in Case 7.3 used doped silicon as the membrane layer. To increase the performance, one can 
use thinner film, such as silicon nitride, as the membrane. Develop a process for realizing a similar device 
with a 200-nm-thick silicon nitride thin film. Skip description of detailed lithography steps. 

Problem 14: Review 


The example in Case 7.5 uses a continuous sheet of commercial PVDF material. This introduces cross- 
sensitivity among pixels. In Case 7.5, estimate the cross-sensitivity of vertical pixels. For example, if a normal 
force is applied on one pixel, what is the output of its nearby pixel? 


Problem 15: Design 


For the example in Case 7.5, will there be significant sensitivity to shear loading? 
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Problem 16: Challenge 


The cross-sensitivity will be significantly reduced if the PVDF pixels can be mechanically separated. Find 
the material and processing technique that may be used to provide separate high resolution PVDF pixel 
array on a CMOS circuitry. 


Problem 17: Design 


The capability of large-scale deformable optics devices is limited by the large stiffness in typical macro- or 
mini-mirrors caused by the appreciable thickness of the actuator and mirror layers. Much large changes in 
focal length can be achieved if this stiffness is reduced. Electrostatically actuated devices suffer from the 
pull-in effect and limited displacement range due to gap sizes. 

A piezoelectric actuator has been used for moving (deflecting) light beams [10]. The basic structure 
consists of a circular membrane released by a backside through-wafer etch. The top surface of the mem- 
brane has an iris-shaped piezoelectric actuation layer, which is composed of a PZT layer as the active 
piezoelectric material. An insulating layer separates the ZnO and electrodes from the bulk substrate. An 
in-plane poling scheme makes use of the d33 rather than other piezoelectric coefficients. The amplitude of 
d33 is roughly twice as large as the amplitude of d31. The mirror achieved maximum deflection at the cen- 
ter of approximately 7 um at a bias voltage of 700 V. 


deformable mirror deformable mirror plate 
PZT ring 


electrode 


light variable 
focal length 


Problem 18: Review 


Compare the design of piezoelectric loaded membranes in Case 7.2 and Case 7.6. Discuss the major dif- 
ferences in mechanical design. Discuss the pros and cons in terms of the difficulty of material preparation 
and processing. 


Problem 19: Challenge 


Most piezoelectric actuators created piston motion or cantilever deflection normal to the substrate. Find 
a design by which a micro structure can be moved in a plane parallel to the substrate surface using piezo- 
electric actuation. The design should be accompanied by a practical fabrication method. 
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CHAPTER 8 


Magnetic Actuation 


PREVIEW 


Magnetic sensing and actuation is one of the most widely used transduction principles found in 
our daily lives. This chapter focuses on the designs and fabrication methods for micro magnetic 
actuators, which often involve permanent magnets and electromagnetic coils. In Section 8.1, 
basic principles pertaining to microscale magnetic actuation is reviewed. We will discuss repre- 
sentative fabrication processes for various elements of an on-chip electromagnetic system in 
Section 8.2. Six cases are discussed in Section 8.3 to exemplify opportunities and methodologies. 

Magnetic sensing and actuation are closely related. Magnetic sensors (including location 
sensors) are important for data storage, consumer electronics, and industrial applications. 
The magneto-resistive effects and the Hall Effect are the most commonly used principles of 
magnetic field sensing. Indeed, many materials, components, and fabrication methods for micro 
actuators originated in the magnetic sensing and disk storage industry. An excellent review of 
magnetic ensing can be found in [1]. 


ESSENTIAL CONCEPTS AND PRINCIPLES 
Magnetization and Nomenclatures 


A magnetic field may cause internal magnetic polarization of a piece of magnetic material 
within the field. This phenomenon is called magnetization. 

A piece of magnetic material is made of magnetic domains. Each magnetic domain is said to 
consist a magnetic dipole. The strength of internal magnetization of the bulk magnetic material 
depends on the extent of ordering of these domains. These domains contribute to a net internal 
magnetic field within the magnetic material itself, if they are somewhat aligned. 

The magnetism has been studied for hundreds of years. Researchers and practitioners 
employ a mixture of concepts and units, some acquired historically and are based on the CGS 
unit system while some conforming to the SI unit system. One of the purposes of this review is 
to clarify the units for various variables. 
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Magnetic field intensity (Symbol H) represents the driving magnetic influence external to 
a magnetic material. Its convenient SI unit is A/m. The conventional unit in CGS unit system is 
oersted (1 A/m = 47r/10°Oe). 

Another term, called magnetic field density (Symbol B), represents the induced total 
magnetic field inside a piece of magnetic material. The total magnetic field accounts for the in- 
fluence of the induction field and the internal magnetization. The term B is often referred to as 
magnetic induction or magnetic flux density as well. The magnitude of B can be expressed in 
units within the SI unit system: Tesla, or Wb/m?, or within the CGS unit system: Gauss 
(1T = 10* Gauss). The convenient SI unit for Weber is V » s. The convenient SI unit for Tesla is 
therefore V - s/m’. 

The magnetic field densities of commonly encountered magnetic objects are: 


e common refrigerator magnet: 100-1000 Gauss; 

e rare earth magnet used in Magnetic Resonance Imaging:1-—2 T; 
e magnetic storage media: 10 mT, or 100 Gauss; 

e earth magnetic field (near equator):1 Gauss. 


The relationship between B and H can be described using the following equation: 


B = mH + M = m(H + xH) = bol (8.1) 


where uo is the magnetic permeability of space (SI unit: Henry/meter, or Wb/(A + m)), m, the 
relative permeability of the magnetic material, and M the internal magnetization. The magnetic 
susceptibility, y, is defined as u, — 1. A magnetic material with a weak and positive y is called 
paramagnetic; one with a weak and negative y is diamagnetic. For paramagnetic and diamag- 
netic materials, the relative permeability is very close to 1. 

For ferromagnetic materials (e.g., iron, nickel, cobalt, and some rare earths), the values for 
relative permeability are very large. A ferromagnetic material is so named because iron is the 
most common example of this group. Ferromagnetic materials are often used in MEMS actuation 
applications. We will focus on the magnetization of ferromagnets in the next few paragraphs. 

The linear relationship between B and H is only valid within a certain range of H. The full 
magnetization curve for a ferromagnetic material is illustrated in Figure 8.1. There are a num- 
ber of important features to note: 


1. After the external induction field reaches a certain level, the magnetization will reach a sat- 
uration point, called saturation magnetization. The saturation represents a situation when 
all available domains within a piece of magnetic material have been aligned to one another. 

2. A ferromagnetic material will lose a portion of its magnetization upon the removal of the 
external magnetic field. The fraction of the saturation magnetization which is retained 
after H is removed is called the remnance of the material (or remnant magnetization). 

3. The coercivity is a measure of the reverse field needed to drive the magnetization to zero 
after having reached saturation at least once. 

4. The area enclosed by the hysteresis curve indicates the amount of magnetic energy stored 
in a magnetic material. 


There are two important classes of ferromagnets — hard magnets and soft magnets. The word 
“hard” means that the magnet retains certain magnetic polarization even under zero external 
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magnetic driving fields. The alternative, a “soft” ferromagnetic material has very low rem- 
nance and exhibits internal magnetization only when it is subjected to a biasing, external 
magnetic field. 

Their differences are easily explained using the B-H hysteresis curves. The curve to the 
left in Figure 8.2 shows the hysteresis curve of a hard magnetic material, such as a permanent 
magnet. Permanent magnetic materials not only exhibit large remnant field. They also require 
larger reverse field and energy input in order to switch or destroy the built-in magnetic field. 
The curve to the right shows the hysteresis curve of a soft magnetic material. The core of a 
transformer, for example, is desired to be made of a soft magnet. The small stored energy allows 
high efficiency, low power consumption, and rapid transition. 
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( 2 
E Example 8.1 Magnetization Hysteresis Curve 


Find the internal magnetization (xuoH) of a ferromagnetic material (with hysteresis curve pro- 
vided) at two induction field strength—(a) 3000 A/m (first time magnetization), (b) 10,000 A/m 
after several full magnetization cycles. Calculate the induction field created by this magnet, 
measured at its surface. 


(1000 A/m) 


Solution. When the induction field is 3000 A/m, the total magnetization is 0.75 Tesla. The 
magnetic field density associated with the driving field is 


b A 
uo X 3000 A/m = 0.00377 V4 = 0.00377 Tesla. 
A:mm 


The internal magnetization yuoH is 0.75 — 0.00377 = 0.746 Tesla. 
When the induction field is 10000 A/m, the total magnetization is 1.2 Tesla. The magnetic 
field density associated with the driving field is 


b A 
uo X 10000 A/m = 0.00377 V4 = 0.01257 Tesla 
A'mm 


Therefore, the internal magnetization yuoH is 1.2 — 0.01257 = 1.187 Tesla. 

When the driving magnetic field is removed, a remnant magnetic field of 0.9 Tesla is pre- 
sent at the surface of the material. Since the magnetic field lines are continuous at the interface 
of a magnetic material and the surrounding media, we can assume that the magnetic flux den- 
sity in air is 0.9 T as well. In air, the magnetization force is 


B 0.9 
uo 1.257 x 107° 


H= = 716 x 10° A/m 
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This value is much greater than the external field of 9000 A/m necessary to magnetize the fer- 
romagnet in the first place. 


Selected Principles of Micro Magnetic Actuators 


A magnetic field can be used to produce force, torque, or displacement of microstructures, ac- 
cording to several important magnetic actuation principles [2]. A driving magnetic field can act 
on a number of elements, including current-carrying wires, inductor coils, pieces of magnetic 
material or magnetostrictive materials. 

In this section, we will discuss formula for estimating the magnetic interaction of a cur- 
rent-carrying wire and magnetized magnetic pieces. 

A Lorentz force actuator exploits the interaction between a current-carrying conductor 
and an external magnetic field. The Lorentz force acting on a single moving charge q is given by 


F=qv xT, (8.2) 
where v is the velocity of the charge. The magnitude of the force is 
F = qvB siné, (8.3) 


with 0 being the angle between the velocity and the magnetic field (0 < 180°). The direction of 
the resulting force can be easily determined by the following mnemonic procedure. Extend 
your right hand. Point thumb in the direction of velocity of a positive charge, fingers in mag- 
netic field direction. The palm faces is direction of the force on charge. The force is perpendicu- 
lar to the velocity of the charge and the magnetic field. 


Example 8.2 Lorentz Force on a Current-Carrying Wire 


Calculate the force acting on a 100-um long metal wire carrying a current of 10 mA when it is 
placed inside a uniform magnetic field of 1 T with the field lines transverse to the direction of 
the conducting wire (Figure 8.3). 


Solution. A current-carrying wire hosts a large number of moving charged particles at any 
given time. The force on a single charged particle can be easily found. To find the force on the 


Lorentz force 
FIGURE 8.3 


Lorentz force on a 
current-carrying wire 
inside a magnetic field. 
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entire wire, one needs to find the number of particles present in a wire (n) at a given moment 
and the velocity of particles (v) in order to calculate the total force. 

The current is a measure of the number of positive charges passing through the cross sec- 
tion of a wire per second. In a time period of //v, which equals to the average time for a charge 
carrier to traverse through the entire length of the wire, all electrons (n) in the wire would pass 
through the end terminal of the wire. As far as the end section is concerned, a total number of 
nq charges pass through within //v seconds. Therefore, the expression of the current is 


nq 


T= (8.4) 
1 
G) 
We can rearrange it to obtain 
nqv = Il (8.5) 
The total Lorentz force is the number of carriers multiplied by the force on each carrier, 
F = n(qvB sin@) = IB sind = 1 uN (8.6) 


Example 8.3 Unit Analysis 


Check the consistency of the unit of the Lorentz force expression derived in Example 8.2 in the 
SI system. 


Solution. Inthe SI unit system, the unit of Fis Newton. The unit of the term on the right hand 
side of Equation 8.6 is 


2 


Wb Vis A-Ves 
m so 


[ZB sin6] = A-m:Tesla = A-m-—> = A'm: 
m 
Since the product of A and V gives the unit of power (W), and the product of W and s gives the 
unit of work, N+ m, the equivalent unit of the terms to the right is Newton. 


Magnetic actuator can occur as a result of interaction between a permanent magnet and an 
external DC magnetic field. A classic example is the familiar magnetic compass (Figure 8.4). The 
permanent magnet used in the magnetic compass is a hard ferromagnetic material. If the internal 
and external magnetic field lines are aligned, no force or torque will be exerted on the compass 
needle. The compass needle will experience a torque (called magnetic torque) when the direction 
of internal magnetization is not aligned with the local earth magnetic field lines. The torque causes 
the needle to rotate until the internal magnetic field is lined with the external field lines. This princi- 
ple of interaction can be extended to microscale sensors and actuators. Indeed, micromachined mag- 
netic actuators using manually attached [3] or integrated [4] permanent magnet has been developed. 

Irrespective of the method by which it is generated, the external magnetic field can be clas- 
sified into two broad categories: spatially uniform magnetic field and nonuniform magnetic field 
with a gradient. Depending on the type of magnet (hard or soft) and their initial orientation in 
the field (aligned or misaligned with field lines), net forces and/or torques can be produced. 
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Magnetostatic actuation 
of a magnetic compass. 


The interaction of hard and soft magnetic pieces in these two types of field is illustrated 
in Figure 8.5. Two pieces of hard (permanent) magnet (pieces 1 and 2) and two soft magnets 
(3 and 4) are used as examples. Their initial orientations are different. Pieces 1 and 3 are ori- 
ented such that their internal magnetization is parallel to the local external magnetic field 
lines. Pieces 2 and 4 are intentionally misaligned. 
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FIGURE 8.5 


Magnetization states 
and force states in 
magnetic fields. Net 
magnetic forces (F) and 
moment (T) are 
indicated for each piece 
(c) Non-uniform external magnetic field under each biasing case. 
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In the situation depicted in part (a), zero external magnetic bias is present. The perma- 
nent magnets are polarized whereas the soft magnets are not. Neither pieces experience any 
net force or moment due to the lack of magnetic driving force (H). 

In the situation depicted in part (b), a spatially uniform magnetic field is applied. The mag- 
netic field polarizes the soft magnet pieces (3 and 4), so that they become magnetized. The hard 
magnets—pieces 1 and 2, are already magnetized. We assume the strength of their internal magne- 
tization is not changed by the external magnetic field although in reality it will be changed slightly. 

When the internal magnetization is parallel to the external magnetic field, no force or mo- 
ment is generated (pieces 1 and 3). However, if the internal magnetization is placed at an angle 
with respect to the external field lines, the magnetic pieces will experience torques (pieces 2 
and 4), but not net forces. 

Note that the internal magnetic fields of pieces 2 and 4 are aligned along their longitudi- 
nal axes, rather than being parallel to external field lines. Shape anisotropy is said to play an im- 
portant role in determining the direction of magnetization or remnant magnetization. For 
example, if a piece of ferromagnetic material is shaped into a long-aspect ratio rod, the internal 
magnetization will usually point in the longitudinal direction of the rod, irrespective of the di- 
rection of the induction field relative to the longitudinal direction of the rod. (Similarly, a thin 
flat piece of a ferromagnetic material may exhibit a strong magnetization in the plane of the 
plate rather than vertical to the plate surface, even when the induction field is primarily lined to 
the normal direction of the plate surface.) This phenomenon has to do with energy required to 
align magnetic domains. It simply takes less energy to magnetize along the longitudinal direc- 
tion or in-plane directions of said magnetic pieces. 

In the situation of part (c), a nonuniform magnetic field is presented. Again, both soft 
magnets (pieces 3 and 4) are magnetized. If the internal magnetization is parallel to the exter- 
nal field lines, a net force materializes on the magnetic piece (pieces 1 and 3). On the other 
hand, if the internal magnetization is placed at an angle with respect to the external field lines, 
the magnetic piece experiences a net force and a torque (pieces 2 and 4). 

A summary of force and torque for each piece under three situations (depicted in cases a, 
b, and c) is provided in Table 8.1. 

Next, let us review a systematic approach for analyzing net force and moment acting on a 
piece of magnetic material inside an arbitrary external magnetic field. 

For practical purposes, a magnetized magnetic material with an internal magnetization M 
can be considered as a charged magnetic dipole. For simplicity, we assume a magnetized mag- 
netic piece contains two monopoles of opposite polarity. A concentrated force acting on each 
monopole can be expressed as 


F = M(wt)H (8.7) 


TABLE 8.1 Presence of magnetic force and torque. 


Case a Case b Case c 
Pieces 1 2 3 4|1 2 3 4|1 2 3 4 
Net force 0 0 0 0/0 0 0 OIF F F F 
Net torque 0 0 0 0/0 T O T|O T 0 T 
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where w and t are the width and thickness of the cross section, and H the local strength of 
the biasing magnetic field. The force is proportional to the magnitude of the internal mag- 
netization and the external driving magnetic field, as well as the cross-sectional dimensions 
of the piece. 

The net force on a piece of magnetized material is the vector sum of forces concentrated 
on two monopoles. 

In case b, the external magnetic field is uniform and the field lines are straight. The mag- 
nitude of H is identical everywhere, hence no magnetic pieces experience net force in case b. 

In the case of a spatially nonuniform magnetic field (case b), the forces on two poles are 
not identical because the local magnitudes of H are different. A net force is therefore produced 
(e.g., for all pieces in case c). The net force is 


F = M(wt)AH (8.8) 


where AH is the difference of magnetic driving field at two monopoles. The magnitude of AH 
equals the distance between two poles along the field line directions, and the gradient of the 
magnetic field (0H/d/), i.e., 

AH = ae (8.9) 

al 

Rotational torques (T) can be developed between an external magnetic field and a magnetized 
magnetic piece, provided that the internal magnetization and the external field lines are not 
aligned. In fact, as long as the forces developed on two monopoles of a magnetic piece are not 
rested along the same line, a torque would be produced. For examples, pieces 2 and 4 in case b 
experience torque even though the net forces are zero. The magnitude of the torque equals the 
magnitude of the force multiplied by the distance between two lines of forces. If the magnetized 
pieces are free to rotate, angular displacement can result. Large angular displacement angle 
(180°) has been achieved in 2.25 um thick polysilicon flexural beams with soft magnetic pieces 
attached to them [5]. 

In earlier chapters, we have discussed electrostatic, thermal and piezoelectric actuation. 
What are the reasons for using magnetic actuation? 

One of the advantages of magnetic actuation is the prospect of eliminating electrical 
wires, which is unavoidable in electrostatic, thermal, and piezoelectric actuators. This can dras- 
tically reduce the complexity of packaging and use. Magnetic MEMS actuators are capable of 
performing truly nontethered operations. For example, a set of MEMS-based micro wings 
adorned with magnetic materials have been demonstrated. It is capable of generating lifting 
forces (capable of lifting the 165 ug wing) without any wires attached to it, with power pro- 
vided by a rotating magnetic field (500 Hz) [6]. Micro magnetic stir bars integrated with mi- 
crofluid channels can provide mixing and pumping without wires attached for providing 
voltage or current [7]. 

Secondly, relatively large magnetic field can be present in the free space without harm or 
damages to humans or environment. In contrast, a large electric field in the free space or di- 
electrics would cause problems such as dielectric breakdown or electrocution. 

Further, external magnetic field with sufficient strength to generate appreciable force and 
torques for micro scale devices can be provided by passive, permanent magnets. Such magnets 
are extremely low cost and do not consume power at all during operation. 
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FABRICATION OF MICRO MAGNETIC COMPONENTS 


Magnetic actuators involve unique materials and unique structures (e.g., solenoids). The mate- 
rial preparation and fabrication techniques for representative components of a micro magnetic 
system are discussed in the following. 


Deposition of Magnetic Materials 


Although it is possible to attach small pieces of magnetic materials to micro mechanical struc- 
tures for realizing sensors and actuators [3], this process is generally very inefficient. Monolithic 
integration of magnetic materials is more accurate and widely practiced. 

The most common technique for depositing ferromagnetic materials for micro devices 
applications is electroplating. A chemical solution consisting of constituent ions of the desired 
magnetic material is used as a wafer bath. The work piece for metal deposition (wafer) is biased 
negatively with respect to a counter electrode, which is placed in the bath during the electro- 
plating session. 

Since the magnetic force is related to the cross section of a magnetic element according to 
Equation 8.7, large thickness of ferromagnets is generally needed for generation of large forces 
or torques. The electroplating process is often desirable over other thin film deposition meth- 
ods (such as sputtering) because it is relatively easy to reach appreciable thickness (e.g., 5 um 
and above). The electroplating rate can be controlled by the current density supplied. The 
greater the current density, the faster the electroplating. Of course, there is a practical limit to 
how high the current can be due to concerns of heating and the tendency of increased surface 
roughness under high current densities. 

In many cases, the wafer is not conductive on its own. Under these circumstances, the sur- 
face of a wafer is first coated with a thin film metal layer for providing negative electric biasing. 
This thin film layer is called the seed layer. Common seed layer materials are copper, alu- 
minum, or gold. Thin metal layers of Cr or Ti are often used to enhance adhesion between the 
seed layer metal and the substrate. 

A typical electroplating process flow using a seed-layer is shown in Figure 8.6. A substrate 
covered with a metal seed layer is prepared. In order to produce patterned ferromagnetic thin 
film, a mold electroplating method is often used (Figure 8.6a). The mold, made of a thin film in- 
sulating layer (e.g., patterned photoresist), is deposited and patterned (Figure 8.6b). The wafer 
is immersed in an electroplating solution (Figure 8.6c). Electroplated metal grows in the open 
windows, where the seed layer is exposed to the electroplating bath (Figure 8.6e). The electro- 
plating mold is then selectively removed. The electroplating process may result in thickness 
smaller than the height of mold (Figure 8.6d), or greater (Figure 8.6e), depending on the dura- 
tion of the plating step. When the thickness of electroplated metal reaches beyond the height of 
the mold, it tends to grow laterally. This property can be used to create metallic structures with 
unique shapes, such as the mushroom in Figure 8.7. 

Many magnetic materials and processes have been developed for the magnetic data stor- 
age industry. The types of materials that can be deposited by electroplating are wide ranging. 
The nickel iron alloy, called Permalloy, is used widely since it has high permeability (500-1000), 
soft magnetic properties (coercivity being 1-5 Oe), high magnetoresistivity, and low magne- 
torestriction (which is change to material dimensions under applied magnetic field) [8]. Other 
materials (e.g., soft magnetic materials [9, 10], permanent magnets, and polymer-based magnet) 
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Mushroom shaped 
electroplated metal, 
revealed after the 
electroplating mold is 
removed. 


and properties (e.g., greater permeability and coercivity) are needed for certain applications. 
The constitutions of electroplating bath and pertinent processing parameters for two represen- 
tative materials including NiFe and CoNiMnP are summarized in Table 8.2. 

Besides electroplating, other fabrication processes for realizing thick magnetic materials 
are also available. One such process relies on commercial polyimide mixed with ferrite mag- 
netic powers at different concentration levels [15]. The magnetic polymer composite, consisting 
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TABLE 8.2 Electroplating bath constitution for representative magnetic materials. 


Magnetic material Electroplating solution composition Amount (gram/liter) 
NiggFe29, Permalloy (other alternative NiCl,-6H),O, Nickel (II) chloride hexahydrate 39.0 
recipes have also been suggested = Ni$Q4- 6H,O, nickel sulfate 16.3 
for achieve different Process H3BO,, Boric-acid— powder (e.g., Fisher A74-500) 25.0 
and functional characteristics : ; : 
[9, 11, 12]) Sodium saccharin, for stress adjustment 1.5 
NaCl, sodium chloride 25.0 
FeSO,-7H,O, ferrous sulfate crystal 1.4 


Note: The solution should have pH value between 2.7 and 2.8. To lower pH, 
drop amount of diluted HCI. Ideal current density: 8-12 mA/cm?. 


CoNiMnP permanent CoCl + 6H,0 24 
magnet ([13, 14]) NaCl-6H5O0 24 
MnSO,: H2O 3.4 
NaCl 23.4 
B(OH)3 24 
NaH>PO,:xH,O 4.4 
Sodium lauryl sulfate 0.2 
Schchain 1.0 


Note: Cobalt anodes were used to avoid hypophosphite oxidation. Current 
density is 10-20 mA/cm?. 


of particles of magnetic materials suspended in nonmagnetic media, offers the ability to incor- 
porate magnetic materials of arbitrary characteristics available at the bulk scale to microma- 
chining applications. Patterned polymer magnetic film can be produced using either screen 
printing technique or, if the polymer matrix is photodefinable, spin coating followed by pho- 
tolithography. 


Design and Fabrication of Magnetic Coil 


On chip integrated solenoids are of great interest. They can be used for electromagnetic source, 
coil actuator, as well as inductors, telemetry coils, and transformers for integrated circuits. Sole- 
noids by conventional machining involve wounding conducting wires around a ferromagnetic 
core (Figure 8.8). In microfabricated devices, however, this practice is prohibitively difficult due 
to the small scales and lack of automated tools. Instead, the most prevalent and manufacturable 
form of electromagnet is a single layer, planar coil with air core (Figure 8.9a). Such a coil is not 
capable of generating strong magnetic flux density because of the lack of a magnetic core and 
the lateral spreading of wires away from the center of the coil. 

More efficient electromagnet coils have been built with integrated core and wrap-around 
coils. Such coils can be classified into two categories according to the orientation of the mag- 
netic core—those with the magnetic flux normal to the substrate plane or those with the flux 
lying parallel to the substrate plane. A good review on fabrication methods and materials can 
be found in [10, 16]. 
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A number of techniques for realizing micro solenoids with integrated ferromagnetic 
core are shown in Figure 8.9. The simple scheme of electroplating a high-permeability mag- 
netic material with a planar coil improves upon the performance of a single layer magnetic 
coil (Figure 8.9b). However, the improvement is not significant as the issue of strong disper- 
sion of magnetic filed persists. To contain and even concentrate the magnetic field lines, inno- 
vative structures and fabrication processes are involved. For example, through-wafer magnetic 
cores can be built by taking advantage of the sloped surfaces created using anisotropic etching 
(Figure 8.9c). The equivalent of horse-shoe magnet can be made by processing magnetic core 
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materials on both sides of a wafer [17]. It has been shown that 200 mN of actuation force can 
be generated with a 80 mA actuation current and 320 mW of power. The magnetic flux density 
can be increased by reducing the cross-sectional area of the core (Figure 8.9d). 

All solenoids in Figure 8.9 involve single-layered conducting wires. Coils with multiple 
turns can be made by stacking (Figure 8.10). The process involves depositing a metal coil layer, 
covering it with a dielectric material, planarizing the dielectric material, and repeating the cycle. 
In theory, this process can be repeated for an infinite number of times. In reality, there is practi- 
cal limit to how many layers can be stacked due to finite process time, and potential degrada- 
tion of registration quality and surface roughness as the number of layers increases. 

Three-dimensional coils have been fabricated on various substrate surfaces, including 
nonplanar surfaces, using techniques ranging from micro contact printing on a cylinder [18], 
three-dimensional assembly [19], laser direct lithography [20], fluid self-assembly [21], and even 
conductive loops formed by bonding wires. 

Magnetic coils with in-plane magnetization can be built as well. The process flow for a 
typical multiturn coil is shown in Figure 8.11. The basic process consists of three major steps: de- 
posit and pattern a bottom conductive layer (Figure 8.11a), electroplate the magnetic core as 
well as vertical conductive posts (Figure 8.11b and c), and deposit and pattern a top conductive 
layer (Figure 8.11d). 
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CASE STUDIES OF MEMS MAGNETIC ACTUATORS 


Micro magnetic actuators can be categorized according to the types of magnetic sources and of 
the microstructures involved. 

The source of the magnetic field can be a permanent magnet, an integrated electromag- 
netic coil (with or without the core), or an external solenoid. Multiple types of sources may be 
used in a hybrid manner. 

Force-generating microstructure, located on a chip, can be of one of the following kinds: 
permanent magnet (hard ferromagnet), soft ferromagnet, or integrated electromagnetic coil 
(with or without a core). 
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TABLE 8.3 Types of magnetic actuator and corresponding case number. 


Source of field 


Stationary External Integrated 
On-chip permanent solenoid electromagnetic Hybrid 
Microstructure Magnet source source coil source source 
Permanent magnet Case 8.5 
Soft ferromagnetic Case 8.2 Case 8.1 Case 8.7 
material 
Integrated coil Case 8.3 & Case 8.5 


Overall, there are 12 possible permutations. In this chapter, we will not present an ex- 
haustive overview of cases for each possible category. Rather, six represented cases will be re- 
viewed to illustrate typical challenges and solutions. The relation of these cases according to the 
classification scheme discussed previously is summarized in Table 8.3. 

Magnetic actuators may also be combined with other modes of actuation (e.g., electrosta- 
tic, thermal, or piezoelectric actuation) or integrated with sensors for position control (e.g., [22]). 


( X 
Æ Case 8.1 Magnetic Motor 


The first example is a planar variable-reluctance magnetic micromotor with fully inte- 
grated stator and coils [23] (Figure 8.12). The stators are made of integrated electromag- 
nets, whereas the rotor is made of a soft magnetic material. The motor has two sets of 
salient poles, one set in the stator (which usually has excitation coils wrapped around the 
magnetic poles) and another set on the rotor. 

When a phase coil is excited, the rotor poles located closest to the excited stator poles 
are attracted to the stator pole (Figure 8.12a,b). Due to the rotation of the rotor, the said 
rotor poles will align with the stator poles. The excited phase coil is turned off, and the next 
phase is excited for continuous motion. In this design, the wound poles of all phases are 
arranged in pairs of opposite polarity to achieve adjacent pole paths of short lengths. The 
stator coils arranged in one or more sets and phases are excited in sequence to produce 
continuous rotor rotation. 

The rotor is 40 wm thick and 500 um in diameter. It is micro assembled onto the chip 
containing the stators or fabricated in an integrated fashion by electroplating. When a 500-mA 
current is applied to each stator, 12° of rotation (one incremental stroke) is produced. By 
applying three phase 200-mA current pulses to the stators, rotation of the rotor was ob- 
served with speed and direction adjusted by the frequency and phase firing order of the 
power supply. Continuous rotor motion at speed up to 500 rpm has been observed. The pre- 
dicted torque for the motor at 500-mA drive current is calculated to be 3.3 nN-m. 
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A variable-reluctance magnetic micro motor. 
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A toroidal-meander type integrated inductive component is used in the motor for flux 
generation [12, 23]. Multilevel magnetic cores are “wrapped” around planar meander conduc- 
tors (Figure 8.12c). This configuration can be though of as the result of interchanging the roles 
of the conductor wire and magnetic core in a conventional inductor (Figure 8.12d). The fabri- 
cation process begins with an oxidized silicon wafer (Figure 8.13). A 200-um-thick titanium thin 
film is deposited as the electroplating seed layer (step b). Polyimide (Dupont PI-2611) was spin 
coated on the wafer to build electroplating molds for the bottom layer of the magnetic core. 
Four coats were accomplished to obtain a thick polyimide film with an after-curing thickness of 
12 um (step c). This polyimide is coated with an aluminum metal thin film and again with a pho- 
toresist layer, which is photolithographically patterned. The photoresist serves as a mask for 
etching the aluminum (in a wet etching solution), which then serves as a mask for etching the 
polyimide (in oxygen plasma) (step d). Electroplating of Nickel-iron Permalloy is grown to fill 
the openings in the polyimide (step f). Detailed processing parameters are described in [12]. 

Another layer of polyimide is spin coated to insulate the bottom magnetic core (step g). 
A 7-pm-thick metal film (either aluminum or copper) was deposited and patterned on top 
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Fabrication process of toroidal-meander type magnetic coil. 
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of the polyimide insulator (step i). More polyimide is spin coated on the patterned metal to 
planarize the wafer and insulate the meander conductor (step j). The polyimide is pat- 
terned using the same procedure as was done previously (step k). Via holes are opened all 
the way to the bottom magnetic core, and an electroplating process is conducted to pro- 
duce the top magnetic core (step 1). 


Case 8.2 Magnetic Beam Actuation 


One of the most unique performance characteristics of magnetic actuation over electrostatic, 
thermal, and piezoelectric actuators is the ability to generate torque and achieve large angular 
displacement. For example, large angular displacement, and hence, vertical displacement on 
the order of 90° and several millimeter can be achieved under a magnetic field of 10 kA/m [5]. 

One actuator has been developed for dynamic aerodynamic control [24]. The actua- 
tor consists of a rigid flap supported on one side by two fixed-free cantilevers. Each flap is 
made of polycrystalline silicon (as the support structure) and electroplated ferromagnetic 
materials (Permalloy in this case). The cross-sectional side view is shown in Figure 8.14a. 
When an external magnetic field is present, an internal magnetization is developed in the 
ferromagnetic piece. The situation is similar to the one experienced by piece #4, case c of 
Figure 8.5. Experimental characterization of a single flap has been conducted to show that 
up to 65° angular displacement can be achieved. 

The magnitude of the internal magnetization equals the saturation magnetization, 
being approximately 1.5 T for the prepared material. The direction of the internal magneti- 
zation vector lie within the plane of the flap according to shape anisotropy (Figure 8.14b). 

In a nonuniform magnetic field, a torque and a force are developed on the micro flap. 
(The force element is ignored in analysis.) The magnetic torque and the angular displacement 
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are intricately related. The magnitude of the magnetic torque at a given displacement angle 6 
is approximated as 


Mmag = FL cos(@) = M,WTH,)L cos(@) = M;VmagnetH1 cos(@) (8.10) 


According to formula for flexural bending beams under a pure torque (see Appendix B), 
the angular displacement is related to the magnetic torque according to, 


Mmag! 


Omax = EI (8.11) 


By solving the two equations above simultaneously, the magnitude of the magnetic torque 
and the angular displacement can be found. In turn, the maximum vertical displacement at 
the end of the support cantilever (but not the end of the entire plate) is 

Mmag? 


= 8.12 
Ymax EI ( ) 


The fabrication process of the magnetic actuator is shown in Figure 8.15. The process is car- 
ried out on a silicon wafer because of the high temperature associated with the structural 
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layer (LPCVD polycrystalline silicon) and sacrificial layer (LPCVD oxide). First, LPCVD 
oxide is deposited and patterned, followed by deposition and patterning of polycrystalline 
silicon (step a). A metal seed layer is deposited, followed by spin coating and patterning of 
photoresist as the electroplating mold (step b). Electroplating occurs in regions not cov- 
ered by the photoresist, to a height decided by the thickness of the spin-coated photoresist 
(step c). The photoresist is removed (step d). Subsequently, the sacrificial layer (oxide) is 
removed in HF acid bath (step e). 


Case 8.3 Plate Torsion with Lorentz Force Actuation 


A moving-coil electromagnetic optical scanning mirror capable of one-axis rotation is dis- 
cussed here (Figure 8.16). A mirror plate is supported by torsional hinge structures consisting 
of multilayered polyimide films with aluminum lead wires in between. The mirror consists of a 
planar micro plate, with a smooth side for optical reflection and the opposite side hosting a 
planar coil. Two permanent magnets are placed on the side of the mirror, such that the mag- 
netic field lines are parallel to the plane of the mirror and orthogonal to the torsional hinges. 
When current passes through the coil, Lorentz forces will develop and cause rotational torque 
on the mirror. The direction of the torque depends on the direction of the current input. 
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The magnitude of torque acting on the actuator is described as 
T= iByhbn (8.13) 


where the term i represents the current, B, the field created by the permanent magnet, 
lı the average length of the coil parallel to the edge of the magnet, h the average dis- 
tance between wires in the direction perpendicular to the hinge, and n the number of 
coil turns. 

The mirror hinges are made of polyimide material to increase shock tolerance, up to 
2500 g [25]. The dimensions of the hinge determine the frequency response range. A fast 
scanning mirror and a slow one were made using different geometric specifications. Driven 
with a solenoid current of 20 mA, the scanning mirrors rotate to an angle of 1° at the reso- 
nant frequency of 1.7 kHz, or 60° at a resonant frequency of 72 Hz. A lifetime of at least 
13000 h has been proven. 

A mirror array using a similar principle but with more elaborate configuration has 
been reported in [26]. 


Case 8.4 Multiaxis Plate Torsion Using On-Chip Inductors 


Another micro mirror capable of rotation along two axes are discussed. A mirror is sus- 
pended in a rotational gimbal that provides rotation degrees-of-freedom in two axes, 
Figure 8.17a. Four planar electroplated electromagnetic coils are located at the backside of 
the mirror, one occupying each quadrant. Current passing through each coil will generate a 
magnetic dipole. A strong permanent magnet based on rare-earth materials is located un- 
derneath the mirror plate. Based on the polarity of the dipole with the external field, an at- 
tractive or repulsive force will be acted on each coil under the interaction of induced 
magnetic dipole and the permanent magnet. 

A rotational torque can be generated if two neighboring coils (joined by at least one 
side) are biased in the same direction. There are four distinct possibilities for generating 
torques (Figure 8.17b-e). The selective activation of these coils will induce coupled angular 
displacement along two axes, in a highly selective manner. The motions are controlled elec- 
trically under a strong biasing electromagnetic field provided by a stationary permanent. 
The permanent magnet eliminates any power consumption for biasing, and can operate 
over relatively large distance and large displacement angles. The large magnetic field H 
compensates for the fact that the electromagnetic field created by each planar coil is rela- 
tively weak. 


8.3 Case Studies of MEMS Magnetic Actuators 325 


anchor to 
solid frame 


quadrant coil Li 
4 
S Vy Se 5 


(a) 


anchor to 
solid frame 


AEE 


external magnetic field 
(strong permanent magnet) 


Li 
tHtt ttt tt ttt 


eae 


ig torque 


FIGURE 8.17 


Optical micromirror 


ALAKAN ALCEE te ct ae 


( X 
= Case 8.5 Bidirectional Magnetic Beam Actuator 


A bidirectional cantilever-type magnetic actuator is discussed here [4] (Figure 8.18). At the tip 
of a silicon cantilever beam, permanent magnet arrays are electroplated so as to achieve a ver- 
tical magnetic actuator by taking advantage of the vertical magnetic anisotropy of the magnetic 
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arrays. The adoption of array shapes in design of permanent magnets (multiple vertical 
posts as opposed to a large sheet) allows suppression of the residual stress between the 
electroplated CoNiMnP films and the establishment of preferred internal magnetization, 
normal to the plane of the cantilever. 

A commercial inductor is used as the electromagnet to drive the bidirectional actua- 
tor. The magnetic force acting on the cantilever is 


aH 
F=V-M,-— 8.14 
VM (8.14) 


where V is the volume of the magnetic piece, M, the magnetization of the magnet. To gen- 
erate large force, it is advantageous to use spatially disperse magnetic field to increase the 
gradient. 

The force acting on the surface of the electroplated film is 50 uN at the input current 
of 100 mA, resulting in 88 wm deflection. The cantilever beam is 6 mm long, 1 mm wide, and 
13 wm thick. The maximum deflection was 80 um at 142 mW power consumption. 

The permanent magnets are electroplated. During the electroplating process, a biasing 
magnetic field is provided by permanent magnets with 3900 Gauss flux density measured at 
the surface. The bias improves the magnetic coercivity from 30-40 kA/m to 87.6 kA/m. The 
remnant magnetization improves from 50-80 mT to 170-190 mT. 


Case 8.6 Hybrid Magnetic Actuator with Position Holding 


Magnetic actuation with hybrid magnetic source has been used to achieve a latchable, 
bistable electrical switch [27]. 

MEMS technology has been used to realize switches and relays. A variety of tech- 
niques have been investigated. For example, electrostatic actuators must require constant 
voltage bias to hold the switch in ON or OFF positions. A switch with bistable latching 
action is important because it only consumes power during the transition but not for 
holding the switch in either ON or OFF positions. This makes them susceptible to inter- 
ruption of power. 
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The structure and principle of a bistable magnetic switch is illustrated in Figure 8.19. 
A cantilever is elevated above the substrate surface by a torsion support. The cantilever 
consists of soft ferromagnetic material (Permalloy in this case) on top and a layer of high 
conductivity metal (gold) on the bottom (for electrical contact purposes). The biasing mag- 
netic field is contributed by two sources—a planar coil (on-chip) and a permanent magnet 
(off-chip). A planar coil is embedded beneath the cantilever. A permanent magnet located 
on the backside of the silicon provides a constant background magnetic field Ho. 

The length of the cantilever is much greater than its width and thickness. When it is 
magnetized inside an external magnetic field, the internal magnetization (labeled M) is al- 
ways in the longitudinal direction due to shape anisotropy. The interaction between the in- 
ternal magnetization (M) and the external magnetic field creates a torque. However, the 
internal magnetization has two stable directions, due to the initial alignment between the 
cantilever and the external magnetic field. Depending on the direction of M, the torque can 
be either clockwise or counterclockwise. Both angular positions, corresponding to OFF and 
ON states, are stable. 

The unique design of this switch is the fact that the bi-directional magnetization can 
be momentarily reversed by using a second magnetic field. This allows the torque and the 
position of the switch to be switched by supplying a small current. Towards this end, a pla- 
nar coil situated between the cantilever and the external magnet is used to generate a mag- 
netic field to compensate the field created by the external magnet. The permanent magnet 
holds the cantilever in that position under the next switching event is applied. 

The magnitude of the applied torque is expressed as 


7=Mx Bo = oM x Ho (8.15) 
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A bistable magnetic switch. 
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For torsion beam with length of 600 um, width of 10 um, thickness of 1 wm, and a Young’s 
modulus of 200 GPa, the magnetic toque at a = 1.6° of bending is 8.4 x 107! N-m,4.7 
times greater than the elastic restoring force created by the torsion hinges. 

How can the planar magnet create sufficient magnetic field to toggle the orientations 
of the M? The planar coil generates magnetic field lines pointing in both X and Z-axes. The 
magnetic field in the X-axis is mainly responsible for the switching. Using computational 
and analytical approaches, the magnetic field in X axes is estimated for both ON and OFF 
cantilever positions. The average field strength is 0.001 and 0.002 Tesla, greater than the 
X-axis component of the external field created by the permanent magnet (uoHo sina). 

The maximum DC current is greater than 500 mA. Lifetime tests show that a switch 
operated for 4.8 million cycles in ambient condition did not have any observable damages 
on the contact region with an ON current of 200 uA. 


SUMMARY 


At the end of this chapter, a reader should understand the following concepts and facts, and be 
able to perform the following analysis. 


Qualitative Understanding and Concepts: 


e The relation between internal magnetization and external magnetic field. 
e The magnetization hysteresis curve, for hard and soft magnetic materials. 
e The properties and preparation methods of commonly used magnetic materials in MEMS. 
e The wafer preparation procedure and equipment setup for electroplating. 


e Design and fabrication methods for magnetic coils with single and multiple turns. 
Quantitative Understanding and Skills. 


e The analysis of magnetic force on a piece of magnetized magnetic material that is placed 
within a magnetic field. 
e The analysis of magnetic torque on a piece of magnetic material inside a magnetic field. 


e The analysis of angular bending of a cantilever carrying a piece of magnetic material. 


PROBLEMS 


SECTION 8.1 
Problem 1 


Prove the consistency of units (in the SI system) in Equation 8.1. 


Problem 2: Review 


Prove the unit consistency of Equation 8.8. 
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Problem 3: Review 
Prove that the unit of Tesla is kg/(s*A). 


Problem 4: Review 


Prove the consistency of unit for Equation 8.14. 


Problem 5: Design 


A piece of permanent magnetic material (with saturation magnetization of 1 Tesla) supported by torsional 
bars is placed inside an external magnetic field. At rest, the magnetic piece rests in a horizontal plane. The 
magnetic field lines point in the vertical direction. The magnetic piece is displaced at an angle with respect 
to the magnetic field. The bar is 400 um long, 30 um thick, and 30 um wide. Two torsional bars are con- 
nected to the middle of the length of the bar. Each bar is made of polycrystalline silicon. The dimensions 
of each bar are 300 um (length), 5 um (width), and 1 um (thickness). Find the magnitude of the external 
magnetic field (H) for two values of the bending angle 0 (0 < 90°): 20° and 45°. We assume the shear 
modulus of polycrystalline silicon from the MUMPS process is 69 GPa. 


Problem 6: Design 

A 1-mm-long polysilicon wire with width and thickness being 2 um is fixed on both ends. Find the maxi- 
mum displacement occurring on the wire when the applied transverse magnetic field is 0.1 T. A DC cur- 
rent of 1 mA is applied through the wire. 

Problem 7: Design 


Determine the magnetic field generated by a solenoid with multiple wire winding. The number of wind- 
ings is 200, while the core has a cross-sectional dimension of 200 um by 50 um. The current is 10 mA. The 
diameter of the wire is 10 um. 


SECTION 8.2 
Problem 8: Design 


Determine the magnetic field generated by a 10-turn planar inductor with a planar magnetic core. The 
magnetic core is 100 um in diameter and 100 um tall. The current is 10 mA. The circular wire winding be- 
gins at a diameter of 110 um, with increment between windings being 20 um. The width and thickness of 
the wire are 16 um and 10 um, respectively. State your assumptions clearly. 


SECTION 8.3 


Problem 9: Fabrication 

Develop the fabrication process of a magnetic flap actuator similar to the example in Case 8.2 but use 
polyimide as the structural layer material. The cantilever may consist of multiple layers of polyimide in 
order to cancel out any intrinsic bending. 

Problem 10: Design 

Derive the analytical formula for calculating the magnitude of angular displacement of the mirror based 
on known current and B in Case 8.3. 

Problem 11: Design 


Design an actuator device using inspiration from two cases—use processes discussed in Case 8.3 but 
magnetic actuator configuration of Case 8.4. Draw a schematic front and cross-sectional view of the new 
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device, illustrating pertinent parts and materials. Explain the principle of operation. Identify major pro- 
cessing steps using a simplified process flow. 
Problem 12: Design 
Develop an analytical expression for the torque generated by the actuator of Case 8.4 when two adjacent 
coils are biased in the same direction of H and the other two are unbiased. Under a magnetic field of 0.3 T 
and a current of 100 mA, the desired angular displacement is 30°. 
Problem 13: Design 
Based on the calculated force acting on the cantilever (59 uN) of Case 8.5, find the amount of vertical 
displacement. 
Problem 14: Design 
Calculate the magnitude of magnetic field gradient encountered in Case 8.5. 
Problem 15: Fabrication 
Discuss the detailed fabrication process for the bidirectional magnetic actuator of Case 8.5. Include de- 
tails of lithography steps. 
Problem 16: Fabrication 
Draw and explain detailed fabrication process for the switch discussed in Case 8.6. Indicate all materials 
involved in the steps. Include details of photolithography steps. 
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CHAPTER 9 


Summary of Sensing 
and Actuation Methods 


PREVIEW 


In this chapter, we provide a summary of the sensing and actuation methods discussed in previ- 
ous chapters. Other representative sensing and actuators will also be discussed briefly. 

A developer of micro sensors and actuators face many choices and obstacles. The selection 
of sensing and actuation methods is dependant on many factors, including performance, stability, 
reliability, energy consumption, cost and complexity of instrumentation, cost of development, 
and price. It is rare that a sensing or actuation mechanism prove to be advantageous for all se- 
lection criteria. Often, relative minor concerns during the research phase, such as the influence 
of ambient temperature on the performance or long-term drift, become major concerns in the 
commercialization phase. A transduction method or material must be selected, by considering its 
ability to meet all primary and secondary criteria. The ability to select correct principles and ma- 
terials grows with a reader’s experiences. In Section 8.1, a first order comparison of various 
major sensing and actuation methods is presented along several common criteria. 

The sensing methods outlined in Chapters 3-6 are the most frequently encountered. 
However, many other transduction principles are used for unique applications. These transduc- 
tion principles can be uniquely qualified for certain applications. In this chapter, we will review 
a number of other sensing principles in Section 9.2. The use of these sensing principles has been 
demonstrated by at least a few research groups and industrial laboratories, or used in commer- 
cial devices. Interested readers are encouraged to explore literatures pertaining to these topics. 
The discussion of alternative actuation methods is beyond the scope of this book. 


COMPARISON OF MAJOR SENSING AND ACTUATION METHODS 


Relative advantages and disadvantages of electrostatic sensing, thermal sensing, piezoresistive 
sensing, and piezoelectric sensing are summarized in Table 9.1. Often, the choice of a sensing 
principle is not just based on sensitivity. 
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TABLE 9.1 Comparison of various sensing methods. 
Advantages Disadvantages 
Electrostatic sensing © Simplicity of materials; e Large footprint of device necessary to pro- 


e Low voltage, low current operation; 
e Low noise; 
e Rapid response. 


vide sufficient capacitance; 
Sensitive to particles and humidity. 


Thermal sensing e Simplicity of materials; 


e Elimination of moving parts. 


Relatively large power consumptions; 
Generally slower response than electrostatic 


sensing. 
Piezoresistive sensing © High sensitivity achievable; e Requires doping of silicon to achieve high- 
e Simplicity of materials (metal strain performance piezoresistors; 


Only allow doping front-facing surfaces; 
Sensitive to environmental temperature 
changes. 


gauge). ° 


Piezoelectric sensing © Self-generating—no power necessary. e Complex material growth and process flow; 
Relative poor DC response due to electric 
leakage across the material; 

Piezoelectric material cannot sustain high- 


temperature operations. 


Electrostatic sensing and piezoresistive sensing are the most common methods used in 
commercial MEMS products. When designing a MEMS product, it is perhaps one of the biggest 
decisions to make. Many issues, including noise, sensitivity, temperature crosstalk, and process- 
ing should be considered in a comprehensive manner when making a decision. The noise issue 
alone is rather complex, giving capacitive sensing slight but not decisive advantage [1, 2]. 
Capacitive sensing is used for multiaxis inertia sensing devices, for example, simply because 
capacitors can be formed on surfaces parallel to the substrate or side walls, whereas piezoresis- 
tors are traditionally only formed on front surfaces. 

Relative advantages and disadvantages of electrostatic actuation, thermal actuation, 
piezoelectric actuation, and magnetic actuation are summarized in Table 9.2. 


TABLE 9.2 Comparison of various actuation methods. 


Advantages Disadvantages 
Electrostatic actuation ¢ Simplicity of materials; e Trade-off between magnitude of force and 
e Fast actuation response. displacement; 


Susceptible to pull-in limitation. 


Thermal actuation e Capable of achieving large displacement Relatively large power consumption; 


Piezoelectric actuation 


Magnetic actuation 


(angular or linear); ° 


Moderately fast actuation response. 


e Fast response possible; 

e Capable of achieving moderately large 
displacement. 

e Capable of generating large angular 
displacement; 

e The possibility of using very strong 
magnetic as bias. 


Sensitivity to environmental temperature 
changes. 

e Requires complex material preparation; 
Degraded performance at low frequencies. 


Moderately complex processes; 
Difficulty to form on-chip, high-efficiency 
solenoids. 
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OTHER SENSING AND ACTUATION METHODS 


In this section, we discuss a number of sensing and actuation methods that have been devel- 
oped for various applications. These are important methods that offer unique performance 
advantages in selected applications. 


Tunneling Sensing 


Electron tunneling has been studied as an important displacement transducer because of its 
high sensitivity [3]. Under normal circumstances, electric current would not pass through insu- 
lators such as air or dielectrics. Electrons simply must acquire sufficient energy before they can 
cross the energy barrier that corresponds to the work function difference between the insulator 
and the conductors (Figure 9.1). However, when the distance between two electrodes reaches 
nanoscopic scale (e.g., 1 nm), electrons can move across the energy barrier by a quantum me- 
chanical principle called tunneling. 

The tunneling current between a tip and an opposing surface is generally represented as 


Poy exp(-BV 42) (9.1) 


where V is a bias voltage, 8 a conversion factor with a typical value of 10.25(eV) !7/nm, ¢ the 
tunnel barrier height with the unit being electron volts (eV), and z the separation between 
conducting surfaces (typically on the order of 1 nm). The magnitude of current is on the order 
of nA. For gold electrodes, one study has found the barrier height to be between 0.05 to 0.5 eV, 
depending on the cleanliness of the electrodes [4, 5]. 

For typical values of ® and z, the current varies by an order of magnitude for each A 
change in electrode separation. A 1% fluctuation in the tunneling current corresponds to 
displacements of 0.003 A. If the detection were limited by shot noise in the tunnel current, the 
minimum detectable deflection would be 1.2 x 1075 A/ VHZ. This sensitivity is independent of 
lateral dimensions of the electrodes since tunneling only requires one metal atom on the sur- 
face of each side of the gap. 

The tunneling phenomenon has been used to characterize surfaces with atomic resolu- 
tion. The invention of the first scanning tunneling microscope (STM) was made by Heinrich 
Rohrer and Gerd Karl Binnig of IBM. The STM can image atomic details as tiny as 1/25th the 
diameter of a typical atom, which corresponds to a resolution several orders of magnitude bet- 
ter than the best electron microscope. The STM’s significance was quickly recognized, and it 
has been used in fields as diverse as semiconductor science, metallurgy, electrochemistry, and 
molecular biology. More discussions on the topic of STM and broader scanning probe micro- 
scope (SPM) instrument can be found in Chapter 14. 

Tunneling-based sensors have been developed for a number of applications. With a very large 
current-to-distance gain, they offer high resolution under a small device area. The tunneling phe- 
nomenon has been used to sense the distance between two conductors, and in turn, any physical 


FIGURE 9.1 


Electron tunneling 
phenomenon. 


9.2 Other Sensing and Actuation Methods 335 


phenomenon that may cause the distance to change. Published works on tunneling-based sensors 
has included force sensors [5], infrared sensors [6,7], magnetometers [3], accelerometers [4,5,8], and 
pressure sensors [3]. High sensitivities are achieved for displacement (2 x 1071 A/\/Hz at 1 kHz, 
[4]), force (1071 N/VHz, [5]), infrared absorption (3 x 1071? W/\VHz at 25 Hz, [6]), and acceler- 
ation. High-sensitivity motion sensors have been developed for monitoring seismic activities. Accel- 
eration sensors based on the tunneling principle have been demonstrated, with sensitivity on the 
order of 1 X 107’ g/WHz at a frequency of 10 kHz [4], which corresponds to a displacement sensi- 
tivity of 2 x 1074 A/\VHz. The sensitivity is three orders of magnitude better than that achievable 
with capacitive sensing. At low frequencies (below 1 kHz), the 7/f noise dominates. At high frequen- 
cies, the shot noise and Johnson noise dominate. One example is reviewed in Case 9.1. 

Although the tunneling sensing is extremely sensitive, it present three major challenges to 
experimentalists— noise, cross sensitivity, and instrumentation complexity. Tunneling-based 
sensors are so Sensitivity, that in early experiments they pick up unexpected interferences such 
as the vibration from central air conditioning system of large buildings or people walking sev- 
eral floors away. The high sensitivity comes at a price of the complexity of fabrication, packag- 
ing, and circuitry. 

Long-term stability of tunneling-based sensors is also a major concern. For example, the 
tunnel current theoretically occurs between two metal atoms that, over time, may rearrange 
their positions due to Brownian motion or chemical reaction with the environment. The migra- 
tion of adsorbed molecules, such as water molecules, may also affect the tunneling characteristics 
in unexpected ways. Other possible sources of long-term drift include variation of mechanical 
characteristics of the mechanical microstructure (e.g., sagging and thermal expansion) and of 
electrical properties of circuits. Early studies strongly suggest that the temperature coefficients 
of the mechanical properties of the sensor or the package contribute 95% of the noise at low fre- 
quency (below 0.1 Hz) [5]. 

For best performance, tunneling based devices should be operated in a closed-loop mode. 
There are several reasons for that. (1) Due to the large current-to-displacement gain, the mea- 
surement range is limited if the device operates in the open-loop mode. (2) The height of the 
tunneling barrier may vary by one order of magnitude over time in air, thus affecting the open- 
loop sensitivity. The closed-loop control is usually accomplished by converting the tunneling 
current into voltage, and applying correction signals to an actuator. A number of circuit strate- 
gies have been identified for implementing close-loop control with integrated circuits [5, 8]. 

The characteristics of the electromechanical actuator used to control the separation between 
the tunneling electrodes often impose the dominant limitations to the performance of the tunnel- 
ing sensor system. The actuator must have adequate bandwidth, dynamic range, and precision. 


( N 
Æ Case9.1 Tunneling Accelerometer 


Figure 9.2 shows a tunneling accelerometer with active capacitive actuators to control the 
gap in a closed loop fashion [9]. The device incorporates two levels of silicon and one of 
glass. The first silicon piece, labeled silicon 2 in Figure 9.2, contains one proof mass with an 
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A tunneling accelerometer. 


integrated tunneling tip. The mass is supported by beams. The second silicon piece, labeled 
silicon 1 in Figure 9.2, is fixed and forms a parallel plate capacitor with the top surface of 
the proof mass in the first silicon. The capacitor is used to generate acceleration for self- 
testing and for close-loop gap control. 

The active area of the proof mass is 400 x 400 um?. A CMOS circuit is used with the 
tunnel device regarded as a nonlinear variable resistor. The resistor varies with the tunnel- 
ing distance. Three variations of circuits were developed. These circuits provide different 
levels of power consumption and noise floor [8]. 

The accelerometer has a sensitivity of 125 mV/g, a bandwidth of 2.5 kHz, and a 
dynamic range of 30 g. The 1/f noise equivalent acceleration was1 mg/WHz. The drift over 
a 1 month operation was less than 0.5%. 


9.2.3 Optical Sensing 


Optical sensing turns angular or translational displacement into changes of optical intensity 
or phase. Optical sensing offers a number of advantages for MEMS sensors applications. For 
example: 


1. Optical interrogation of the movement of micro structures eliminates the needs for con- 
ductive wires associated with electrical biasing and sensing. This point is especially impor- 
tant if optics is used to address large array of devices. The savings due to reduced 
packaging complexity is dramatic in selected cases. 


2. As we will show later, optical sensing also offers uniquely high sensitivity and versatility 
in many cases. Very high sensitivity optical detectors can be obtained off the shelf and at 
low cost. 


Certainly, optical sensing cannot be applied or involved in all cases. Certain applications pre- 
clude the use of external or internal light sources, for example due to finite package size. Optical 
position sensing can be achieved in several configurations. A few major ones are reviewed in 
Sections 9.3.1 through 9.3.3. 
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Optical fiber sensing. 


fiber in bent state 


Sensing with Wave Guides Light can travel in man-made waveguides. An optical fiber is a 
form of low-cost, highly efficiently optical waveguide. A fiber generally consists of an inner core 
and an outer sheath. The refractive index of the core and sheath are different, allowing total 
reflection of light if it shines at the interface from the core side. Hence, a light beam can be 
physically confined within the core region, and travel with little loss even when the fiber is 
curved. 

Optical fibers form the basis of many sensors [10]. Fiber-based sensing takes advantage of 
the fact that phase and intensity of light in fiber is a function of fiber bending, mechanical stress 
on fiber, temperature [11], surface optical properties, and interaction with chemistry and bio- 
logical entities [12, 13]. For example, a segment of fiber is shown in Figure 9.3 to illustrate the 
principle of sensing fiber bending. If the fiber is straight (unstressed state), light will go through 
a certain optical path length, which is different from the physical length of the fiber. However, 
if the fiber is mechanically bent, the new effective optical length causes the phase and intensity 
of light at the output end of the fiber to change. This principle has been used for a variety of 
sensor applications [14, 15]. 

Optical fibers are formed by pulling glass materials at elevated temperatures. Advanced 
features such as longitudinal micro channels [16] and noncircular cores [17] can be incorpo- 
rated to introduce new ways of interaction with light. 

Sensing using on-chip integrated waveguides is also possible. An accelerometer with inte- 
grated optical waveguides made of mixed silicon oxide and silicon nitride thin films patterned 
into a linear guide structure has been reported. Part of the guide is located on a proof mass 
while the rest is on the frame. Acceleration-induced displacements changes the optical light 
coupling coefficient by shifting the waveguide on the proof mass with respect to the frame [18]. 
The detection limit demonstrated was 0.17 um, which corresponds to 1.7 dB/g for positive ac- 
celeration and 2.3 dB/g for negative acceleration. 


Sensing with Free-space Light Beam Free-space light beams can be used to detect positions 
of objects and sense phenomenon that causes that position change. The most straightforward 
configuration involves a beam of light bouncing off the reflective surface of a microstructure of 
interest such as the backside of a cantilever (Figure 9.4). The reflected beam is directed into a 
photodiode or onto a projection screen. If angular bending of the cantilever occurs, the 
reflected spot will move. The displacement of the reflected spot is proportional to the degree of 
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cantilever bending. Specifically, the distance by which the spot move equals the product of the 
angular displacement and the distance between the cantilever and the screen. The displacement 
of the reflected spot is 


d=20-L, (9.2) 


where L is the distance between the device under test and the photodetector. Since the angular 
displacement is amplified by the distance L, this principle is commonly referred to as an “opti- 
cal lever”. 


Position Sensing with Optical Interferometry One of the most sensitive optical techniques for 
measuring displacement of a cantilever is the interferometer. Optical interference provides highly 
accurate measurement of relative movement between a reference body and a moving body. 
Interferometric measurement can take many forms, including a Michelson interferometer [19], 
Febry-Perot cavity [20], or interdigitated fingers as diffraction gratings [21, 22]. Displacement 
resolution at 0.01 A or lower can be achieved. Optical interference transducers are capable of 
achieving a position resolution equivalent to electron tunneling transducers, with all practical 
noise sources considered. 

Optical measurement requires external optical source and receivers. In many cases they 
are ideal for precision characterization of micromachined devices, no matter what the actual 
sensing method is. Comparison of displacement sensing by electrostatic and interferrometric 
methods has been conducted [23, 24]. In another example, optical interferometry has been used 
to characterize responses of a gyro for automotive applications [25]. 

A few examples of sensors based on optical interferometry are discussed below. They rely 
on gratings to produce diffraction. These applications include accelerometers (Case 9.3), can- 
tilever displacement sensors (Case 9.5), and pressure sensors (Case 9.7). 
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( XY 
Æ Case 9.2 Interferometric Accelerometer 


An acceleration sensor with nano-g resolution has been made consisting of bulk silicon micro- 
machined proof mass with interdigitated fingers that are alternatively connected to the proof 
mass and the substrate [22]. The geometry of the fingers forms a phase sensitive optical diffrac- 
tion grating, which reflects the incident coherent optical beam into several orders with an 
intensity that depends on the relative displacement between the two sets of fingers (Figure 9.5). 
In the equilibrium position, where the relative deflection of moving fingers is zero, the intensi- 
ties of even-numbered orders are at their maximum. The spatial separation of the second order 
component from the central, zeroth order component is ADf,, where f, is the spatial fre- 
quency of the grating, D the observation distance and A the wavelength of the incident beam. 

When the moving fingers are displaced by 4/4, the central beam spot vanishes and the en- 
ergy is divided between the two first order components and other odd numbered components. 

The mechanical deflection can be determined by measuring the intensity of the 
zeroth mode spot, first mode spot, or the difference between the two modes. The intensity 
of the diffracted modes depends on the out-of-plane offset between the two sets of fingers 
(d) and is given by 


I(d) = Ip sin?( 724) (9.3) 
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with A being the illumination wavelength. Using an interferometer, the deflection of the 
cantilever can be resolved to 0.003 A at 10 Hz. 

In the design, 50 fingers each 175 um long, 6 wm wide, and 20 um in thickness are sep- 
arated by gaps of 3 wm. The fingers on the proof mass overlaps with the fingers on the sup- 
port substrate for 125 um, giving an area of 450 wm by 125 um in which to focus the laser. 

The optical source is a 670 nm wavelength, 5 mW laser diode with a focusing lens. The 
80-Hz resonant proof mass has a noise equivalent acceleration of 40 ng/VHz and a dy- 
namic range of 85 dB at 40 Hz. This is at least identical if not better than the ones obtained 
using tunneling sensing. 

The main sources of noise are shot noise of the photodetector, thermal mechanical 
noise of the cantilever, laser intensity noise, laser phase noise, laser 1/f noise, resistor John- 
son noise, electronic noise of the detection electronics, and mechanical vibration of the 
whole system. Elemental noise components have been discussed and characterized in [26]. 
The measured noise of the device (0.02 A) is large compared with predicted thermal me- 
chanical noise [27] and shot noise. A significant contribution of noise may be intensity fluc- 
tuations of the laser. The noise floor can be further lowered if the laser intensity fluctuation 
is detected and subtracted. 


Case 9.3 Cantilever with Optical Interference Position Sensing 


An interferometer integrated with a cantilever is demonstrated, to report displacement of 
atomic force microscope probes with approximately 0.02 A noise (rms) in the 10 Hz-1 kHz 
bandwidth [21] (Figure 9.6). A modified two-dimensional grating can also be used to measure 
minute relative displacement of two neighboring beams [28] with applications in biological 
and chemical sensing. 

A part of the cantilever is micromachined into the shape of interdigitated fingers. One 
set of fingers is attached to the movable cantilever whereas a matching set is fixed to the de- 
vice frame. When the cantilever is illuminated, the fingers form a phase sensitive diffraction 
grating, and the tip displacement is determined by measuring the intensity of diffracted 
modes. When a force acts on the cantilever, only the alternating fingers that are connected to 
the outer portion of the cantilever are vertically displaced. The remaining set of fingers, or 
reference fingers, are attached to the inner portion of the cantilever and remain fixed. 

An illumination source (laser diode with the wavelength = 670 nm) and a standard 
photodiode is used, with the light passing through the fingers. The dominant reflected 
mode from the grating is the zeroth mode. As the tip is displaced, the interference between 
the light reflecting off the reference fingers and the moving fingers causes the zeroth mode 
intensity to decrease while a first mode is enhanced. When the cantilever is deflected by an 
amount of A/4, the zeroth mode is minimized and the first mode is maximized. The can- 
tilever deflection can be measured from the intensity of the zeroth mode, first mode, or the 
difference between the modes. 
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( X 
2# Case 9.4 Membrane Displacement Sensor with Interferometric Sensing 


Acoustic sensors can be based on many principles, as we have illustrated in previous chap- 
ters. Here we compare two surface micromachined capacitors, one based on capacitive 
sensing and one on acoustic sensing. 

Capacitive micromachined acoustic sensors (CMUT) have been demonstrated as al- 
ternative to piezoelectric sensors [29]. The CMUT device (shown in Figure 9.7) consists of 
a metallized silicon nitride membrane. In its receiving mode, acoustic waves impinging on 
the membrane causes displacement of the membrane. The capacitance between the mem- 
brane and the underlying counter-electrode changes as a result. The output current, i, of the 
CMUT in response to a membrane displacement Ax is given by 


Ax 


a (9.4) 


i = BWV piasC 
where wy, is the angular frequency of the acoustic wave, Vpia, the dc bias voltage, C the 
CMUT capacitance, and d, the gap between the membrane and the substrate. The output 
current is proportional to the frequency, resulting in relatively poor performance in low 
frequency range. The fabrication process involves surface micromachining of suspended 
conductive membranes. Parasitic capacitances will affect the measurement. 


342 


9.2.4 


Chapter 9 Summary of Sensing and Actuation Methods 


acoustic vibration acoustic vibration 
See Aree 
cet Pp en S 
SS A sa 
conductive membrane conductive membrane 
m n E e 
back electrode diffraction grating 
2+ 7 O@ oa 


diffraction 


order Tt 
@ 


FIGURE 9.7 photo incident 


Capacitive and optical detector light 


detectors. Capacitive Optical 


Alternatively, the displacement of a membrane can be detected using optical interfer- 
ometry. An optical diffraction grating has been integrated with a surface micromachined 
membrane to detect membrane displacement [30]. The device is schematically illustrated in 
Figure 9.7. The substrate is made of a transparent material (quartz) to allow optical trans- 
mission. The reflective membrane and the grated electrode form a phase sensitive diffrac- 
tion grating. When the grating under the membrane is illuminated through the transparent 
substrate by a coherent light source, the reflected field will split into odd diffraction orders 
in addition to specular reflection (or zeroth order). Some of the incident light passes 
through the electrode grating and reflects back from the membrane. This produces in- 
terference from the diffracted and reflected light changes the intensity of the diffracted 
orders. The output intensity for a small displacement of Ax is obtained as 


4 
hie (9.5) 
Xo 
where R is the responsivity of the optical detector, and ij, is the intensity of the incoming 
light. 
Using this method, optical detection can be used to achieve very high sensitivity 
(2 x 1074 A/\VHz) in the DC to 2 MHz range. In order to produce response down to DC, 
the cavity must be sealed under vacuum. 


Field Effect Transistors 


Many integrated circuit components can be used for sensing applications. For example, it is well 
known that the device characteristics of solid-state devices such as transistors, diodes, and resis- 
tors exhibit temperature sensitivity. Indirectly, they can serve as temperature sensors. Character- 
istics of field-effect devices such as the field-effect transistor (FET) are also influenced by the 
strength of the electric field, which is a function of distance between two moving electrodes with 
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a fixed potential difference. As such, the FET can be used for measuring acceleration [31], pres- 
sure (sensitivity = 0.1 mA/bar) [32], and acoustic waves (sensitivity = 0.1 — 1mV/Pa) [33]. 
In addition, the electrical characteristics of many integrated circuit elements can be 
affected by mechanical stress. Stress and strain applied in active device regions change the 
energy band structure, similar to the way stress and strain cause piezoresistivity of semiconductor 
materials. Here let us review an accelerometer based on FET transduction in Case 9.5. 


( N 
Æ Case9.5 Displacement Using the Gate of FET 


We first consider how a FET transistor works. The cross-section diagram of an FET is 
shown in Figure 9.8. An FET consists of three electrical terminals —source, drain, and gate. 
Current flowing between the source and drain is controlled by potential applied to the 
gate. In the case of an n-type substrate, the majority charge carriers are electrons. When no 
voltage is applied to the polysilicon gate, current flow between the source and drain regions 
is minimal as there are two back-to-back diode involved. No matter what is the bias be- 
tween the source and the drain, one of the diodes will invariably be reversed biased and 
limits the current flow capacity. A strong negative bias to the gate will locally invert the po- 
larity of major charge carriers in the region immediately underneath the gate region. In a 
simplistic view, holes are attracted to the surface by the bias voltage. This region of inverted 
polarity is called the channel and helps the flow of current between the source and drain. 

The current between the source and drain under a certain set of favorable voltage 
bias to the source, drain, and gate is 


BZC; i 
ip = fwe = Vr)\Vp = vl, (9.6) 
L 2 
metal gate metal 
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where u is the mobility of charge carriers, Z and L the width and length of the channel, re- 
spectively, C; the capacitor per unit area of the dielectrics (including gate oxide and air 
media), Vg the voltage difference between gate and source, Vp the voltage difference be- 
tween the gate and drain, and Vy the threshold voltage of the FET. 

It is of interest to explore the mechanical sensing capabilities of such electronics com- 
ponents because it allows mechanical sensing to be directly coupled to electronics signal 
processing and logic circuits, with minimal parasitics involved. Another advantage lies in 
the fact that the fabrication of the sensor is compatible with integrated circuits and can be 
carried in an IC foundry. 

An acceleration sensor based on the field effector transistor is demonstrated in 
[31] (Figure 9.9). The seismic mass of the accelerometer is the gate of an FET and, in 
consequence, the distance between the gate and the channel changes as a function of 
the applied acceleration. This distance is equivalent to the typical oxide dielectric layer 
for the CMOS FET. As a consequence, the value of the threshold voltage Vr of the 
transistor changes. 

Both the C; and the Vy terms are functions of the air gap between the gate and the 
channel. The relation between these two terms and the gap a is 


1 1 
G=— =z (9.7) 
ak dielec m a 
Caielec Cinedia Edielec Emedia 
Qi Qa 
Vr = ®,, + 20®- — — - —. 9.8 
T ms ip € & ( ) 


Where the subscripts dielec and media represents values assigned to the dielectric (e.g., the 
gate oxide) and the media (vacuum or air between the floating gate and the dielectric). The 
terms £ and t are the dielectric constant and the thickness of layers ®,,, is the difference of 
work function between the gate and the semiconductor, ®p is the flat-band voltage, Q; the 
trapped charge (per unit area) in the dielectric material, and Q4 the accumulated charges in 
the channel. 

The acceleration sensor uses a floating mass with four cantilever spring supports, with 
thickness being 2 um. The length of the support ranges from 290 um to 350 um, with the 
width being 5 um in both cases. The size of the center plate ranges from 350 X 350 um? to 
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300 X 300 um?. The mechanical sensitivity of the designs ranges form 11.5 nm/g to 4.6 
nm/g. The air gap between the mass and the substrate is 1 wm. At zero displacement, the 
threshold voltage is 10 V. The channels are 5 um long and 10 um wide. 


Radio Frequency Resonance Sensing 


In many sensing applications, the signals are represented by the magnitude of voltage or 
current. However, signals can also be represented by frequency of output signals in a 
scheme called frequency modulation. For example, one can realize piezoresistive sensors 
with either voltage or frequency output [34]. One of the most important benefits of fre- 
quency modulation is high noise immunity. The disadvantage of this scheme lies in the fact 
that signal process electronics is more complex in order to decipher signals represented in the 
frequency domain. In Case 9.6, we discuss a pressure sensor whose output is encoded by the 
frequency of signals. 


( XV 
= Case 9.6 Resonance Mode Pressure Sensor 


The following example illustrates a pressure sensor based on passive wireless resonant 
telemetry [35] (Figure 9.10). A pressure-sensitive membrane made of low-temperature 
cofirable ceramics (LTCC) is covered with a spiral planar inductor. The center contact pad 
of the inductor is intentionally made very large in order to form an appreciable capacitor 
with an opposing electrode surface. If pressure changes, the membrane displaces, changing 
the relative capacitance value. The inductance value may also change due to the curving of 
the membrane. The resonance frequency of the resonant circuit is related to pressure P, as 
the capacitance is given by 


cP) = OS, + (2) (9.9) 


0 2i+ 1 \t, + Den 


where Co is the capacitance at zero pressure, dg the displacement of the membrane under 
pressure P, t and f,, the size of the gap and the thickness of the membrane, respectively, 
and e, the relative dielectric constant of the membrane. The authors stated that the magni- 
tude of dọ is related to pressure by 


d hy ee = y $ 
Sues 0.48s( 2) Sey ( 2) (9.10) 
m m 16E tm 


where a is the radius of the membrane, E the Young’s modulus, and v the Poisson’s ratio. 
The measurement sensitivity and accuracy of a typical sensor is — 141 kHz/bar and 
24 mbar, respectively. 
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SUMMARY 


The purpose of this chapter is twofold. First, this chapter provides a comparison among sensing 
principles discussed in earlier chapters. A same sensing task can be achieved using a number of 
transduction principles. The selection of successful sensing method is case dependant. Major 
advantages and disadvantages of each method are presented. 

The second purpose of this chapter is to highlight a few promising sensing principles. 
These principles showed considerable performance advantage over electrostatic, piezoelectric, 
and piezoresistive sensing in important aspects. Often, they provide simplicity and low cost not 
available in other methods. These methods have been used in a number of applications but 
have not been used as widely as their performance warrants. 

At the end of this chapter, a reader should understand the following concepts and facts: 


e Major advantages and disadvantages associated with capacitive sensing, piezoresistive 
sensing, and piezoelectric sensing. 


e Major advantages and disadvantages associated with capacitive actuation, piezoelectric 
actuation, and thermal actuation. 


e The physical principle behind tunneling based sensing. 
e The optics principle behind optical interference position sensing. 
e Qualitative behavior analysis of field effect transistors. 
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Qualitative Understanding and Skills: 


e Given a sensor application, identify major factors of performance that compare relative 
merits of electrostatic and piezoresistive sensing. 


PROBLEMS 
SECTION 9.1 


Problem 1: Review 


Review all acceleration sensors reviewed in case studies in Chapters 4, 5, 6,7, and 9. Rank these sensors in 
terms of (1) sensitivity, (2) simplicity of fabrication, and (3) sensitivity to temperature. For each design, 
identify at least one major advantage and at least one major draw back. 

First, identify all devices investigated for this work. Identify them by the case number and chapter 
number. Then label them numerically. Rank them according to the three criteria given. Explain your 
selection process for the best and worst in each category. 


Problem 2: Review 


Repeat Problem 1 for one or more of the following sensor types: membrane pressure sensor, flow speed 
sensor, and cantilever displacement sensor. 


Problem 3: Design 


If you must design a three-axis accelerometer within a package of 3 by 3 mm”, which transduction princi- 
ple would you likely use? Piezoresistive? Electrostatic? 


Problem 4: Challenge 


If you are to design a camera-on-chip product, consisting of imaging devices, lens, and focusing mecha- 
nisms on one package, would actuation principle would you likely use? Suppose the device is for the 
application of a handheld device like a smart phone. 


SECTION 9.2 


Problem 5: Fabrication 


Draw detailed fabrication process for the three individual layers in Case 9.1. Clearly mark all materials in- 
volved in each step. 


Problem 6: Design 


An optical level is used to measure the vertical displacement of a cantilever that is 100 wm long. The ver- 
tical displacement, t, corresponds to an angular displacement 0. The length of the optical lever is 1 mm. A 
disk-shaped quadrant optical detector is used with a radius of 1 cm. Find the range of the displacement 
that can be measured with this configuration. 


Problem 7: Design 


In Case 9.3, derive the analytical relationship between the intensity of the diffracted beam and the applied 
acceleration. Identify design strategies for increasing the sensitivity to acceleration. The mass of the proof 
mass is m. The length, width, and thickness of each support beam is l, w, and t, respectively. 


Problem 8: Review 


In Case 9.3, identify and explain the simple design strategy that was used to minimize cross-sensitivity to 
acceleration applied in other axes. (Hint: Refer to Figure 9.5.) 
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Problem 9: Design 


Derive the analytical expression of the sensitivity as percentage change per unit displacement at the free- 
end of the structure in Case 9.3, between the optical sensing case, a hypothetical piezoresistive sensing 
case, and a hypothetical capacitive sensing case. The gap size for the capacitive sensing is dp. 


Problem 10: Fabrication 


Draw the fabrication process for the membrane acoustic sensor (Case 9.4) based on capacitive sensing and op- 
tical sensing. The details of photolithography steps may be skipped. Discuss at least one major aspect in which 
the optical sensing have simplified the process and materials compared to the capacitive sensing method 


Problem 11: Challenge 


Consider both acoustic sensor in Case 9.4 and the resonance sensing structure in Case 9.6, discuss the de- 
sign and fabrication process of a surface micromachined pressure sensor using similar electronics sensing 
architecture as in Case 9.6 and mechanical microstructure as in Case 9.4. Discuss materials compatibility 
for each step. 


Problem 12: Challenge 


Design an actuator, based on any principle of actuation that has been discussed in the previous few chap- 
ters or outside of this textbook, which provide the largest possible displacement normal to the chip sur- 
face. A singular actuator is to occupy a chip space of no more than 50 um by 50 um, excluding conductive 
wire leads that may be extended from this region. The actuator must be based on practical materials that 
are suitable for microfabrication. There is an upper limit of allowable voltage, current, and power input, 
whichever is invoked first. The limits for voltage, current, and power are: 100 V, 0.2 A, and 300 mW. 


Problem 13: Challenge 


Repeat Problem 12, this time targeting designs that produce the largest angular displacement possible. 


Problem 14: Challenge 


Repeat Problem 12, this time targeting designs that produce the largest normal force output possible. 


Problem 15: Challenge 


Form a group of 3 or 4 students and complete Problem 12, Problem 13 or Problem 14. Participate in a 
classwide competition. Present the design principle and fabrication process. Use analytical and numerical 
analysis to back up your claim of performance. The team that presents the largest displacement under rea- 
sonable materials and fabrication methods wins. 
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CHAPTER 10 


Bulk Micromachining and Silicon 
Anisotropic Etching 


PREVIEW 


In this chapter, we will focus on discussing bulk micromachining technology. Section 10.1 out- 
lines major terminologies. In Section 10.2, we will discuss anisotropic wet etching of silicon. 
We begin by reviewing the simplest case, and then gradually increase the level of complexity. 
In Sections 10.3 through 10.5, we will review plasma etching, deep reactive ion etching, 
isotropic wet etching, and gas phase etching. Native oxide is a commonly occurring material 
form on silicon and affects micromachining processes. We will discuss the behavior and pro- 
cessing techniques related to the native oxide in Section 10.6. The process robustness and 
yield can be developed with aid of special wafer and techniques. Some of these are discussed 
in Section 10.7. 


INTRODUCTION 


Bulk micromachining is an important class of MEMS process [1]. In bulk micromachining 
processes, a portion of the substrate (bulk) is removed in order to create freestanding mechan- 
ical structures (such as beams and membranes) or unique three-dimensional features (such as 
cavities, through-wafer holes, and mesas). Bulk micromachining can be applied to silicon, glass, 
gallium arsenide and other materials of interests. In this chapter, we focus on discussing bulk 
micromachining of silicon substrates. 

There are two major categories of processes for bulk silicon etching according to the 
medium of the etchant: wet etching and dry etching. Wet silicon etching processes use liquid 
chemical solutions in contact with silicon. Dry etching processes use plasma (high-energy gas 
containing ionized radicals) or vapor-phase etchants to remove materials. 

Bulk silicon etching can be classified according to the three-dimensional distribution of 
etch rates and profiles of resultant microstructures. The etch rate of wet bulk etching may de- 
pend on crystal orientation. The etch rate of dry bulk etching may depend on directions in a 
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Definition of isotropic 
and anisotropic etching. anisotropic etching anisotropic etching isotropic etching 


wafer. If the etch rates in all directions are identical, the etching is said to be isotropic. If the 
etch rate is orientation dependent, the etching is said to be anisotropic. Representative cross- 
sectional profiles of cavities created by isotropic and anisotropic bulk etching are shown in 
Figure 10.1. 

As shown in Figure 10.1, etching action is not confined to the region exposed through 
opening areas of a mask. Materials under the mask may be undercut. Undercut is desired in 
order to create suspended mechanical structures. For certain applications, undercut may be un- 
desirable and should be minimized by proper mask design and careful process control. 

Several relevant properties of common bulk etchants and etching methods are summa- 
rized in Table 10.1. 


TABLE 10.1 Properties of bulk etching solutions and methods. 


EDP Alkali-OH TMAH Gas Phase Plasma etch HNA 
Dry/wet Wet Wet Wet Dry Dry Wet 
Isotropic/Anisotropic Anisotropic Anisotropic Anisotropic Isotropic Anisotropic or Isotropic 
isotropic 
Etch rate on <100> 0.3-1.25 0.5-1 0.3-1 1-10 per 0.5-2.5 0.5-1 
Si (um/min) pulse/cycle 
Etch rate on silicon Very low Very low 1-10 Low 100-400 Very low 
nitride (nm/min) 
Etch rate on doped Low on Low on Low on Not sensitive Not sensitive Selectivity 
silicon highly highly highly to doping to doping dependant on 
doped Si doped Si doped Si mixing ratio 
Etch rate on silicon Low Low, but higher Low Very low Low Moderate 
oxide than that of EDP 
Cost Moderate Low Low to medium Moderate to Moderateto Low 


high high 
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ANISOTROPIC WET ETCHING 
Introduction 


Technology for silicon anisotropic wet etching has been developed over the past 20 years [2-4]. 
It is a versatile process and can be used to create recessed structures (e.g., cavities with or with- 
out membranes) (Figure 10.2), protruding structures (e.g., pyramidal tips and mesas), and sus- 
pended mechanical structures. The process has been used to successfully fabricate many 
commercial products, including silicon pressure sensors, accelerometers, neuron recording 
probes, and probes for scanning probe microscopes. 

Today, new processes are being developed to supplement and replace silicon anisotropic 
etching. The deep reactive ion etching process, for example, offers high vertical-aspect ratio, 
unique vertical wall profiles, and better material selectivity. New materials such as polymer sub- 
strates are being used more frequently. 

Despite new materials and processes, silicon wet anisotropic etching remains a major 
force in MEMS fabrication. Certain features (such as pyramidal protrusions and inverted pyra- 
midal cavities) can only be formed in silicon using wet anisotropic etching. The etching method 
offers unique three-dimensional profiles and properties (e.g., ultrasmooth [5] sloped surfaces). 
The cost for a wet etching system is also significantly lower than that needed for dry etching. 
Hence we dedicate a significant portion of this chapter to this topic. 

In another example of application, the silicon bulk micromachining process are used to 
create the suspended cantilever and protruded tip of an atomic force microscope probe shown 
in Figure 10.3. Detailed fabrication process of this device is further discussed in Chapter 14. 

Anisotropic etching produces three-dimensional shapes from two-dimensional mask fea- 
tures. The three-dimension profile is made of various crystal planes, and may evolve with time. 
How are these three-dimensional microstructures with unique geometric characteristics 
formed? We will seek answers to this question by reviewing geometric transformation rules in 
Sections 10.2.2 through 10.2.5. 


Rules of Anisotropic Etching—Simplest Case 


Let us first examine the simplest case—the profile of an etched pit in a <100> oriented silicon 
substrate when the mask contains a rectangle or a square open window, with edges aligned to 
the <110> direction (Figure 10.4a). 


FIGURE 10.2 


SEM micrograph of an 
inverted cavity. 
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FIGURE 10.3 


Cantilever beams formed by anisotropic etching. 
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FIGURE 10.4 


Etch profile evolution. 
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When a silicon wafer is immersed in a wet silicon etching solution, the atomic layer that is 
exposed through the open window is etched first. Wet anisotropic etchants exhibit drastically 
different etch rates along different crystal planes. In general, the etch rate along <111> direc- 
tion is the slowest among all crystal orientations. 

The reason for crystalline-dependant etch rate is not yet fully understood though conjec- 
tures exist. It is believed that, since wet anisotropic etchants remove silicon by first oxidizing a 
silicon surface (using the oxidizing constituents within the solution) and then removing the 
oxide (using oxide-etching constituents), the difference of etch rate is attributed to the differ- 
ence of oxidation rates. However, there seems no reported direct evidence correlating experi- 
mentally data and reaction rate analysis. 

Microscopically, the etch rate difference is attributed to atomic bonding energy of silicon 
atoms on various surfaces. Atoms on different crystalline surfaces are associated with different 
number of neighbors, bonding energy, and degrees of difficulty for removal. 

At this stage, it is sufficient for a reader to realize that the etch rates are different along crystal 
orientations, and that the etch rates along <100> and <110> directions are much greater than that 
along the <111> direction. Etch rates along certain high-index crystalline directions are greater. 

With the knowledge of etch rate distribution in a crystal lattice, let’s now examine the pro- 
gression of etched profile. We shall focus on the cross section of the silicon wafer cut through 
the middle of a window (Figure 10.4). Atoms on the top-most layer are closely packed and all 
face the <100> direction. A representative atom, atom A in Figure 10.4b, can be removed 
according to the etch rate in the <100> direction. 

As the first layer of atom is removed, atoms along the edges of the mask opening are ex- 
posed in <100> and other directions (Figure 10.4c). An atom in the middle of the etched floor 
(e.g., atom B) can only be attacked from the <100> direction as it is flanked by other <100> 
facing atoms on the same plane. An atom on the edge, e.g., atom C, has greater bond strength 
than atom B. One intuitive way to understand the higher bond strength associated with atom C 
is that in the A-A’ cross section, atom C has greater than 180° solid angle on the solid side. In 
contrast, atom B is only associated with a solid angle of 180°. 

After the second layer of atoms is removed (Figure 10.4d), a representative atom on the 
slope (atom E) is now flanked by atoms facing the <111> direction. The energy it takes to re- 
move atom E is much greater than that needed to remove atom D, for example. Consequently, 
the etch rate of the <111> slope is much slower than that of the bottom surface. 

As the etching progresses, the cross-sectional profile of the cavity changes according to 
Figure 10.4e. Dashed lines represent progression of etch profiles. The depth of the cavity in- 
creases with etching time according to the etch rate in the <100> direction. Originating from 
the edges, sloped <111> surfaces are formed. Atoms lying in the middle of this <111> plane 
is etched very slowly as it is flanked by other <111> facing atoms. 

A computer simulation program is used to graphically illustrate the three-dimensional 
etched profile (Figure 10.5), with the mask shown in Figure 10.5a. The top view of the wafer 
after a few layers of silicon atoms are removed is shown in Figure 10.5b. A perspective view of 
the cavity, with a magnified view of one of the corners, is shown in Figure 10.5c. The corner is 
defined by two <111> planes and a bottom <100> plane. 

If we assume the wafer thickness is much greater than the size of window opening and 
that the etching process continues for a long time, the <100> surface would eventually disap- 
pear and the four <111> planes would meet. 
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FIGURE 10.5 


A sequence of images 
created using simula- 
tion software. 


In the case of a square window, the cavity would end in a perfect point. In the case of a 
rectangular opening, a cavity would end in a knife-edge at the bottom. In practice, due to non- 
ideality of masks, a perfect point is almost never encountered. 

A schematic view of the cavity obtained from a square window opening is shown in 
Figure 10.6. There is no undercut if we assume the etch rate on <111> surfaces is negligible. 
The angle between the <111> and the <100> surfaces is 54.7°. In this case, the width of the 


window (w) and the final etching depth are related, according to d = Stan 54.7°. 


The scanning electron micrograph of an inverted cavity with four <111> slopes is shown 
in Figure 10.2. 

Note that once the <100> bottom surface disappears, the profile of the cavity won’t 
change significantly over time. Indeed, if the etch rate of <111> planes is completely ignored 
in a particular case, the profile will never change no matter how much longer the chemical etch- 
ing is conducted. A three-dimensional profile bound by slow-etching <111> planes is called a 
self-limiting stable profile (SLSP). Before the self-limited profile is reached, the profile is called 
a transitional profile, and subjected to changes over time (e.g., Figure 10.4c). Transitional pro- 
files can be further classified according to how fast they will change — unstable transitional pro- 
files changes with time in rapid and complex manner, whereas stable transitional profiles 
changes slowly and with better predictability. 

These three categories of profiles are summarized in Table 10.2. 
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TABLE 10.2 Types of three-dimensional profiles for anisotropic wet etching of silicon. 


Type of profile Definition 
Transitional profile Unstable transitional A three-dimensional etching profile that consists of fast-etching, 
profile (UTP) high-index planes (e.g., [7], [8], etc). 
Stable transitional A three-dimensional profile that consists of only [6], [9], and 
profile (STP) [5] planes. 
Self-limited stable profile (SLSP) A three-dimensional profile that consists of only [5] planes. 
<100> 
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FIGURE 10.6 


Cross-sectional profile 
of an etched cavity. 


A-A' 
cross-sectional 
view 


The SLSP profiles are of particular interest in production and manufacturing —they are 
most insensitive to over-time etching among the three. 

In practice, wafer thickness may be comparable with or even smaller than the width of 
window opening. Depending on the width of mask opening, wafer thickness (t), and etch time 
(T), four stable profiles (of STP or SLSP types) may result. These profiles can be classified in 
two categories: through-wafer holes or blind cavities. A blind cavity may end at a point, a line, 
or a <100> plane. The conditions and outcomes are summarized in Table 10.3. The etch rate in 
<100> direction is denoted r<100>- 
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TABLE 10.3 Etching profiles. 


t 
fT = If w > 2t/tan (54.7°) Profile at any œ > T = — 
’<100> r100 
The SLSP profile is a w 
through-wafer hole. 
Å<100> K 
AÀ 4 
Ifw = 2t/tan (54.7°) Profile at any œ > T = —— 
r100 
The SLSP profile is a blind cavity w 
ending at a point (if the mask > 
opening is a square) or a line [i I 
(if the opening is a rectangle). ma 
<100> VU 
IfT < If w > 2T" r<ıo>/tan (54.7°) Profile at any T < . The term d is the 
r <100> r<100> 


vertical etching depth. In this case, d < Tr <100>- 


This STP profile is a blind cavity w 
ending at a [6] plane. This profile f 
can be used to produce a thin silicon <100> I 
membrane with controlled thickness. = 
Uv 
A! A 
s t w- tan (54.7°) 
Ifw < 2T+ reqqos/tan (54.7°) Profile at any T= ; 
T<100> 2r<100> 


The SLSP shape is a blind cavity ending 
at a point or a line. The self-limited 


w 
<> 
w- tan (54.7° 
depis = ae | 


<100> U 


( 2 
E Example 10.1 Silicon Anisotropic Etching 


A square mask opening is used to create a cavity in a silicon wafer. Suppose the thickness of the 
wafer is 500 um (t) and the window opening is 1 mm (w) on each side. The etch rate on <100> 
surface is 2 um/min (T). Ignoring the etch rate on <111> surface, calculate the size of opening 
on the back side of the wafer if etching time is longer than t/r<100>- 
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What would be the thickness of the wafer if it were desired to form a blind cavity with an 
inverted point instead? 


Solution. Let us first check whether an SLSP-type through-wafer window will be formed. 
First, we find 


2t/tan (54.7°) = 0.714 mm 


Since the width of the window is greater than 27/tan (54.47°), the etch will result in a through-wafer 
hole, instead of a blind cavity. The width of the window opening on the back side of the wafer is 


w — 2t/tan (54.7°) = 1 — 0.714 = 0.286 mm 
If a blind cavity with an inverted point is desired, the following relation must be satisfied 
w < 2t/tan (54.7°) 
Rearrange the terms, we have 


w tan (54.7°) 
t > ———__ = 
w 


0.7 mm 


The previous analysis ignores any etching in the <111> direction. In reality, however, <111> 
surfaces do experience a finite etch rate. The profile of an inverted pyramidal cavity with finite 
undercut is shown in Figure 10.7. For a total etching time of T, the lateral undercut distance, u, 
is found as 

ran> XT 


“sin (54.7°) ee) 


In the case of an inverted SLSP-type blind cavity, undercut may modify its depth over time. 


Rules of Anisotropic Etching—Complex Structures 


In the previous section we reviewed a very simple and commonly encountered case: masks with 
rectangular or square openings with edges aligned to <110> directions, lying in <100> silicon 
surface. We now build up the complexity of analysis by relaxing limitation on mask shapes. 
First, we eliminate the restriction that the edges of a window must be a noninterrupted straight 
line. Next, we eliminate the restriction that the edges must be parallel to <110> directions. 
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FIGURE 10.7 


Cross-sectional view of 
etched cavity. 
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Instead of reviewing the text of rules first, let us observe illustrated examples of actual 
etching cases as predicted by a computer simulation software [10]. The progression of etch pro- 
files from two independent mask patterns—labeled A and B—is illustrated in Figure 10.8. 
These two window openings in the mask are very different. However, after a sufficiently long 
etch time (e.g., 170 min), they result in very similar three-dimensional profiles—blind STP-type 
cavities with edges aligned to <110> (Figure 10.8h). 

Note that etching occurs underneath certain regions that are originally masked. For example, 
the material underneath the extended beam in B is gradually removed starting at its distal end. 


(a) (b) 


(c) (d) 


FIGURE 10.8 


Progression of etch 
profile. Frame (a) is the 
top view of mask. 
Frames (b) through (h) 
are top or perspective 
views of the cavities at 
5, 10, 20, 40, 50, 80, and 
170 minutes of etching. 
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FIGURE 10.9 


Perspective view of a 
suspended beam over 
an anisotropic etched 
cavity. 


<110 
<100> A 


The etching rules can be discussed easily by tracking how corners of mask patterns are 
transformed. There are two types of corners —convex corners and concave corners [11]. At a 
convex corner, the solid angle of masked region is less than 180°. At a concave corner, the solid 
angle of masked region is greater than 180°. Solid arrows in Figure 10.8a point to concave cor- 
ners, while convex corners are indicated by arrows with dashed lines. 

For convex corners, the fastest etching planes dominate the three-dimensional shape 
evolving underneath the masked region. For concave corners, the slowest etching planes domi- 
nate the three-dimensional shape. In other words, convex corners tend to be undercut rapidly, 
exposing fast etching planes such as <211> and <411>. At concave corners, slow etching 
planes such as <111> tend to develop and eventually prevail. 

The undercut can be used to create suspended micro mechanical structures. For example, 
the mask opening B will result in a suspended cantilever (Figure 10.9), provided that the mask is 
chemically and mechanically sturdy enough to survive the entire wet etching sequence. The mate- 
rial of the cantilever is that of the mask layer. The cantilever can be made of a variety of materi- 
als, including silicon nitride, silicon oxide, and heavily doped silicon. Other materials are possible 
as long as they exhibit good etching selectivity. A comprehensive survey of etch rates by various 
etchants on silicon substrate and important mask materials can be found in the literatures [12, 13]. 


<110> 


Example 10.2 Prediction of Etching Profile 


In the previous example, the protruding cantilever is parallel to the <110> direction. However, 
cantilevers do not have to be pointing in the <110> direction. The shape of the cantilever can be 
different from rectangle as well. Determine the stable etching profile resulting from the mask below. 
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(b) 


(d) 


(f) 


(g) (h) 


FIGURE 10.10 


Progression of etch pro- 
file. Frames (a) through 
(h) depict etching pro- 
files at 3,9, 15, 24, 36, 60, 
120, and 180 min etch- 
ing time. Frame (i) 
depicts the perspective 
view of the etching pro- 
file at 180 min. 
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Solution. The predicted etch profiles at different etching time intervals are shown in Figure 10.10. 
Materials underneath extended beams are undercut starting from convex corners. Frames 
(a) through (g) depict UTP cavities. After sufficiently long etch time (e.g., at 180 min, frames 
h and i), a blind STP-type cavity bound by four <111> sloped planes and a <100> bottom 
is formed. 


In certain cases, the mask opening may consist of curved boundaries, making it difficult to iden- 
tify distinct concave and convex corners. It is rather difficult, and often unnecessary, to predict 
UTP profiles precisely under these circumstances. On the other hand, the STP and SLSP 
profiles originating from such mask patterns can be determined readily. Let’s first observe 
the progression of etch profile for a mask shown below (Figure 10.11), which contains five 
opening patterns, including two with curved boundaries. 

The profiles of etching at various time intervals are shown in Figure 10.12. Frames (a) 
through (j) depict cavity profiles at 5, 10, 20, 40, 50, 70, 105, 125, 230 and 310 min. Frames (k) is 
a perspective view of the wafer with STP and SLSP cavities at 310 min. Frame (1) is similar to 
(k) but revealing a cross section. After sufficiently long etching time, the two openings with 
curved boundaries result in SLSP cavities bound by <111> planes. 

The self-limiting stable profile produced from a given opening window can be found in a 
straightforward manner without going through the analysis of UTP profiles. 

To simplify future analysis, we define a footprint of self-limited cavity, or FSLC, as the in- 
tersection of a SLSP cavity with the front surface of wafer. If the front surface of the wafer is 
<100> plane, the procedure to determine FSLC is as follows: 


1. Find the left most, right most, top most, and bottom points (or a line) associated with the 
continuous periphery of a mask opening. 


2. Draw vertical <110> lines passing through the left and right-most points. 
3. Draw horizontal <110> lines passing through the top and bottom-most points. 
4. The FSLC is the area bound by the four lines identified in steps 2 and 3. 


| <110> 


FIGURE 10.11 
Mask. 
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(a) (b) (c) 


FIGURE 10.12 


Etch profile at various 
time intervals. 
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( sz 
E Example 10.3 Recognition of Cavity Types 


A mask is given below, together with perspective view of the front surface of silicon wafer after 
a certain etching time. Identify the types of etched cavities at this particular moment. 


Ans: 

Opening A: Stable transitional cavity (STP). 

Opening B: Stable transitional cavity (STP). 

Opening C: Unstable transitional cavity (UTP) with fast etching, high-index planes. 
Opening D: Self-limiting stable cavity (SLSP) ending at a point. 

Opening E: Self-limiting stable cavity (SLSP) ending at a line. 


( 2 
2# Example 10.4 Analysis of FSLC 
Predict the FSLC of windows in the mask pattern depicted in Figure 10.13 


Solution. This mask consists of many opening windows. The etching profile progression is 
shown in Figure 10.14. 
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FIGURE 10.14 


Progression of etch pro- 
file. Frames (a) through 
(e) show etch profiles at 
5, 20, 30, 50, and 70 min- 
utes. Frame (f) is the 
perspective view at 

70 minutes. 


FIGURE 10.13 
Mask. 
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10.2.4 Forming Protrusions 


10.2.5 


So far we have discussed the evolution of three-dimensional etch profiles from masks with 
open (transparent) windows. What if a mask consists of an opaque patch on a large transpar- 
ent background? In this case, the etching profile will always be unstable transitional. Fast 
etching planes dominate the profile. Let us examine how etching profiles evolve in this case 
from an exemplary mask that contains two independent features, a square and a circle 
(Figures 10.15 & 10.16). 

We draw the conclusion that if the mask used is a patch rather than a hole, a protruding 
structure will be formed. The protrusion will be unstable transitional, and will ultimately disap- 
pear if sufficiently long etch time is allowed. 


Example 10.5 Corner Compensation 


Predict the UTP etching profiles for the following patterns (A and B) and given wafer 
orientation. 


<110> 
A B 


Solution. The top view of the wafer at various time intervals is shown below. Mesas with 
rounded corners are formed. For a given depth of etching and etch time (e.g., 39 min), the 
corner rounding under pattern B is less severe than that under patter A. Beams extending 
from corners of the square of pattern B are used to delay corner rounding and create sharp, 
instead of rounded, corners with desired depth. This general technique is called corner 
compensation. 


Although <100> oriented silicon wafers are used predominantly, other wafer orienta- 
tions are possible. For example, wet etching of <111> oriented silicon allows useful and novel 
geometries [14]. Wafers with slanted crystallographic cuts have been used as well [15]. 


Interaction of Etching Profiles from Isolated Patterns 


In previous sections, we have generally placed independent openings on masks far apart from 
each other that their etching profiles won’t interfere with each other. Such structures are con- 
sidered isolated and their evolution is independent. Let’s look at two isolated polygons placed 
side by side. Their FSLC envelopes do not overlap. The progression of etched cavity is shown in 
Figure 10.17. 
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<110> 


(g) 


FIGURE 10.15 


Progress of etch profile. 
Frames a through I 
depict etching profile at 
5, 15, 25, 50, 90, 110, 120, 
150, and 200 minutes 
into the etching process. 


(h) 
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(b) 


FIGURE 10.16 


Progression of mesas 
from two mask patterns. 
Frames (a) through (d) 
correspond to etch pro- 
files at 5, 20, 30, and 39 
minutes. 


(d) 


t 


<110> 


(b) 


FIGURE 10.17 


Progression of etched 
profile. Frame (a) is the 
mask. Frames (b) 
through (d) occur at 10, 
60, and 200 minutes into 
the etching process. 


(d) 


For comparison, let’s consider the case where these two polygons are brought closer to 
each other, such that their FSLC envelopes now overlap. The progression of etched profile is 
drastically different, as illustrated in Figure 10.18. At 50 min, the edges of two cavities begin to 
merge. Overtime, the cavities that originated from these two isolated windows merge to form a 
connected SLSP entity. 


10.2.6 Summary of Design Methodology 


The anisotropic etching process can be used to create unique three-dimensional features and 
suspended mechanical elements. We discussed rules for predicting the UTP, STP, and SLSP 
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<110> 


(b) 


(d) 


FIGURE 10.18 


Progression of etch profile. Frame (a) is the top view of mask. Frames (b) through (e) show etch pro- 
file at 30, 50, 90, and 190 minutes. Frame (f) is the perspective view of etched cavity at 190 minutes. 


profiles originating from a mask pattern on a <100> silicon wafer. The profiles at a given time 
depend on the mask orientation, wafer thickness, window opening sizes, and etch rates in vari- 
ous crystal directions. 

Depending on the mask shape and etch time, three types of three-dimensional structures 
may form: unstable transitional, stable transitional, and self-limited stable. 

Unstable transitional profiles can be used to create unique three-dimensional shapes but 
the process control is difficult [11]. 


10.2.7 
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Stable transitional profiles and self-limited stable profiles are desirable for manufacturing 
because they are tolerant of over-time etching and robust against uncertainties and variation of 
process parameters. The SLSP profiles are the most robust. 


Chemicals for Wet Anisotropic Etching 


EDP (ethylene diamine pyrocatechol) is a frequently used anisotropic etchant. It is sometimes re- 
ferred to as EPW (ethylenediamine pyrocatechol and water). Etch rate ratio for <100> and 
<111> directions reaches 35:1 or higher. The etch rate on <100> silicon orientation is between 
0.5 to 1.5 wm/min. Etch rates for silicon nitride (LPCVD) and silicon oxide are almost negligible. 
The etch rate on silicon dioxide is 1-2 A/min and on silicon nitride is <1 A/min. On one hand, it 
is highly selective, allowing thermally grown silicon oxide as mask. On the other hand, this means 
that even very thin natively grown oxide becomes barrier to etching if it is not properly removed. 

Etching is often conducted in a chemical fume hood because of the toxicity of the EDP 
vapor. The chemical solutions are often heated to 90-100°C during the etching process. Escape 
of vapor may alter the concentration of etching chemicals and the etch rate. To maintain a con- 
stant concentration, the escaped water vapor is condensed on a water-cooled top and allowed to 
drip back into the flask. This system, called a reflux system, is illustrated in Figure 10.19. 

KOH (potassium hydroxide) is a low-cost alternative to EDP. The KOH etchant can be 
easily made in a laboratory by mixing solid KOH with water in a slightly exothermic reaction. 
The etching characteristics depend on the concentration of KOH and the temperature of solu- 
tions. The most commonly used concentration is 20-40 wt%. The etch rate ratio for <100> and 
<111> is also very high (even higher than that of EDP). The etch rate on silicon nitride 
(LPCVD) is negligible. However, the etch rate on silicon oxide (thermally grown) is 14 
angstrom/min, much greater than the etch rate on silicon oxide by EDP. 

For both EDP and KOH, the etch rate for silicon is greatly reduced when the silicon is 
heavily doped with boron or phosphors. The degrees of etch rate reduction as a function of 
doping concentration is different for these two chemicals [4, 16]. For EDP, greater than 
7 x 10'8 cm boron reduces etch rate by 50 times. Therefore, it is possible to use heavily doped 
silicon as an etch stop layer against over time etch. 

Normally, the wet etching is conducted without electrical bias to the wafer and under nor- 
mal ambient light conditions. Active electrical and optical activation, however, can be used to 


temperature 
probe 


cooled 
top 


hot plate Wet anisotropic etching 
reflux system. 


FIGURE 10.19 
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introduce new etching behavior. For example, pulsed potential annodization exploits the etch- 
ing behavior of a p-n junction [17]. Photovoltaic electrochemical etch stop technique (PHET) is 
based on the electrochemical growth of a passivation silicon oxide. This method can be used to 
provide external, flexible control of etch stop and does not require doping process [18]. 

Tetramethyl ammonium hydroxide (TMAH) is an alternative silicon etchant. It was 
discovered after EDP and KOH [19]. It has very slow etch rate on aluminum, a common IC 
metallization material. As such, TMAH can be used to etch wafers with aluminum wire leads. 
Etch rate on aluminum can be further reduced if silicon is predissolved into the solution; how- 
ever, the dissolved silicon is known to create more surface roughness. TMAH also exhibits re- 
duced etch rate for heavily doped silicon: 10x reduction at 107? cm™ and 40x reduction at 
2 x 107° cm™. The etch rate on silicon oxide is low (0.05-0.25 nm/min). The disadvantages of 
TMAH are: (1) the etch rate ratio of <100> and <111> direcitons are not as high as KOH and 
EDP; (2) the roughness of finished surface is generally worse than the cases of EDP. 

The etch rate distribution with respect to crystal orientation can be determined using ex- 
perimental means. Instead of preparing samples of different front-surface crystal orientation 
and determining the etch rate by etching each piece individually, the etch rate along all direc- 
tions in a given plane can be determined using special patterns, such as the wagon wheel mask 
pattern, shown in Figure 10.20. The pattern consists of slit openings with angular offsets being 0 
covering the entire 360°C span. 


WS 
FIGURE 10.20 / \\ 


Wagon wheel mask 
pattern. 


d = R<100>*t 
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Etching in a chemical solution would cause the slits to widen due to undercut. The amount 
of widening for each slit is proportion to the etch rate in the direction normal to the longitudi- 
nal edges of slits. The bottom part of Figure 10.21 illustrates the widening of a slit, which in turn 
translates into shortening of radial lines (i.e., changes of d,). 

The computer-simulated progression of etching profile from a wagon wheel pattern is 
shown in Figure 10.21. Actual results of etched wheel are illustrated in Figure 10.22. 

The wagon wheel pattern provides a qualitative and direct graphical representation of 
etch rate but the results lacks quantitative accuracy. The angular resolution is limited. The 
minimal angular increment depends on the mask resolution and size of the wagon wheel 
pattern. 


FIGURE 10.21 


A sequence of images 
created by simulation 
software. 
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FIGURE 10.22 


Etch result from a 
wagon-wheel pattern. 


An alternative methodology for obtaining the etch rate diagram with higher angular 
resolution has been developed, using a mask that contains a set of independent rectangular 
holes with incremental angular offset (being 1° in [10]) (Figure 10.23a). Etching for a rela- 
tively short period of time (5-10 minutes), certain edges of the UTP undercut cavity are par- 
allel with the long edge of the rectangle. Therefore, the etch rate associated with a particular 
orientation can be obtained by measuring the amount of lateral undercuts along the long 
edges (Figure 10.23b). A single rectangle opening and the underlying cavity is shown in a 


magnified view (Figure 10.23c). 


FIGURE 10.23 


The etching experiment 
and simulation for EDP 
etch rate diagram. (c) 


(b) 
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x 
(Ù Case 10.1 PEEL Process 


A group at Northwestern University (Evanston, IL) has developed a unique approach of 
making mesoscopic pyramids as a plasmonic biodetection platform. Carriers for biomole- 
cules must be made with unique properties: they must be made of metal, must have sharp 
apex, and must have uniform, micro-nano scale device dimensions. 

The top-down nanofabricaiton technique exploits the anisotropic etching process in a 
sequence of steps called PEEL (phase-shifting photolithography, etching, e-beam lithogra- 
phy, and lift-off) [20] (Figure 10.24). First, self limiting cavities are made in a silicon sub- 
strate (step b). This is followed by deposition of a metal layer (gold) and global patterning 
of this layer. At the end of step c, gold thin film is left in the cavities. The gold thin film, 
being able to sustain etching in EDP, is then used as a mask to produce protrusions that are 
self-aligned with the gold caps (step d). Overtime etching of the mesa underneath causes 
the gold micro structures to fall off (step f). Resulted structures are shown in Figure 10.25. 
Loose conductive pyramids are shown in Figure 10.26. 


silicon substrate 


(a) 


inverted cavities 


(c) gold thin film 


(b) 
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(f) | overetched mesa 


FIGURE 10.24 


The PEEL process that combines with cavity 
etching and pyramid etching. 
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500 nm 


FIGURE 10.25 


Photo of pyramids on mesa structures before release. 
(Courtesy: Prof. Teri Odom, Northwestern University). 


FIGURE 10.26 


SEM micrograph of 
loose micro pyramids. 
(Courtesy: Prof. Teri 
Odom, Northwestern 
University) 


10.3 DRY ETCHING AND DEEP REACTIVE ION ETCHING 


Gas phase plasma etching is a complementary alternative to wet silicon anisotropic etching. 
Plasma etch does not require wafers to be in contact with wet chemical solutions, thus simplify- 
ing cleaning steps. Plasma etch offers different options of masking material. The process 
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temperature is also lower. Generally speaking, wafers are not heated although prolonged 
plasma etching may cause the wafer temperatures to increase. 

The sidewall profile is different from what is achievable with web anisotropic etching. In 
fact, the anisotropy of the vertical wall can be controlled, within a certain range, by adjusting 
several process parameters, including the process pressure, DC bias voltage, power input, and 
the chemical species used. 

Deep reactive ion etching (DRIE) is a special kind of RIE process. It is capable of pro- 
ducing deep and high-aspect ratio features with near vertical sidewalls. They are based on 
patents currently owned by Robert Bosch GmbH and Texas Instruments Corporation [21, 22]. 
The key to achieving continuous deep etching with high aspect ratio is to conduct the etching 
process in small depth increments. This approach utilizes repeated cycles each containing an 
etching step followed by a passivation step. A layer of inhibition film is deposited during the in- 
hibition step on all walls of a cavity. During the next etching step, the inhibition film is prefer- 
entially removed from the bottom of the trenches due to ion bombardment, while preventing 
the etching of the sidewalls. Process parameters play important roles in determining surface 
morphology and mechanical performances of devices [23]. 

DRIE silicon etching has gained popularity despite the high cost of processing equip- 
ments. The DRIE process offers fast etch rate, vertical sidewalls, room temperature process 
capability, and the ability to easily correlate the mask with the resultant three-dimensional 
structures. The etch selectivity is a major benefit. The DRIE process can use photoresist, silicon 
oxide, and metal as mask. In addition, the etching uniformity on a wafer scale is generally much 
improved over those of regular RIE etch. 

Though powerful, the DRIE technique alone is capable of creating nothing more than 
passive three-dimensional parts. For this reason, deep reactive ion etching must be combined 
with other processing styles and steps to increase the electrical and mechanical complexity of 
micro structures. The DRIE technique can be combined with many processing styles, includ- 
ing anisotropic etching, to create a rich variety of innovative geometries (e.g., micro needle in 
[24,25] and comb fingers in [26, 27]). 

Deep reactive ion etching of materials other than silicon has also been demonstrated, includ- 
ing piezoelectric materials (i.e., quartz, PZT) [28], Pyrex glass [29], and commercial PMMA [30]. 


ISOTROPIC WET ETCHING 


The most commonly used isotropic silicon etchant is HNA —a mixed chemical solution consist- 
ing of at least three constituent acids—the letter H stands for hydrofluoric acid, N for nitric 
acid, and A for acetic acid [31]. Various mixing ratios of three major ingredients are possible, re- 
sulting in different etch rates on silicon and etch selectivity against masking layers. Because the 
solution contains HF, the etch rate on oxide is relatively quick, at approximately 300 A/min. 


GAS PHASE ETCHANTS 


Gas phase etching of silicon using XeF, or BrF3 is a complementary alternative to wet etching 
and plasma etching [32-34]. Under room temperatures, XeF, exist in solid phase and BrF3 
exists in liquid phase. XeF, sublimates and BrF3 vaporizes to form active gas when subjected to 
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pressure below 100 mTorr. These gases react with silicon (in single crystal or polycrystalline 
forms) strongly, even under room temperature, resulting in isotropic etch profiles. On the other 
hand, the gas phase etchants have negligible etch rate on common mask materials, including sil- 
icon dioxide, metal, and even photoresist [13]. 

Care must be taken because the reaction byproducts contain HF vapor that, if released 
into air accidentally, may become absorbed into water vapor and constitute air-borne drops of 
highly concentrated HF acid. 

Bulk silicon etch rate is very high. The etch rate is generally not characterized as etching 
depth per unit time. Rather, since etching is administered by injecting fixed amount of etching 
agents in burst cycles, the etch rate is given as wm/cycle. The effective etch rate can be as high 
as 20-50 um/cycle. 


NATIVE OXIDE 


A thin layer of silicon oxide would inevitably form on silicon naturally when the silicon is 
placed or stored under room temperature and environmental oxygen and moisture levels. This 
layer of material is very thin as the oxide growth temperature is low. However, this oxide may 
present a significant etching barrier if the silicon etchant has small etch rate on silicon dioxide. 
It is acommon practice to remove native oxide before wet anisotropic etch or plasma etch steps 
to ensure that the reaction with silicon starts predictably. 

The thickness of the native oxide is so small, it often eludes detection by thin film thick- 
ness measurement instruments. A practical laboratory technique to determine whether a native 
oxide layer is present is the water-beading test. A pure silicon surface is hydrophobic while an 
oxidized silicon surface is hydrophilic. The hydrophobic/hydrophilic nature of a surface can be 
quickly and inexpensively determined by dispensing drops of water on the substrate surface 
and observe the shape of the water drop (Figure 10.27). Water beads easily on hydrophobic 
silicon surfaces and rolls off the substrate when the substrate is tilted. On the other hand, water 
would spread uniformly on a hydrophilic oxide surface. 

The native oxide layer can be removed easily by dipping the wafer in low-concentration 
hydrofluoric acid solutions (e.g., 5%) for a few seconds. 


water 
drop 
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SPECIAL WAFERS AND TECHNIQUES 


Infinite selectivity between target and masking materials is always desirable but rarely a re- 
ality. As the number of layers increase, high etch selectivity becomes difficult to accomplish. 
This tends to reduce the yield of MEMS processes. Bulk etching involving long etching time 
is especially vulnerable to etch rate nonuniformity and variability. Wafers with built-in etch 
stop layers are important for increasing process yield. Two types of special techniques are dis- 
cussed here. 


SOI Wafer SOI stands for silicon on insulator. An SOI wafer is a specialty wafer consisting 
of two single crystal silicon wafer sandwiching an insulator layer (typically silicon dioxide). 
The SOI wafer can be formed in a number of ways. The thickness of each layer can be 
independently tailored. 

The cost of SOI is greater than that of a regular silicon wafer, since it must undergo many 
extra steps and must pass stringent process control. However, there are many important benefits: 


1. The insulator wafer in the SOI process can serve as an important etch stop layer for both 
silicon dry etching and wet etching; 

2. the single crystal silicon layer can host high-quality piezoresistors and doped electrical 
layers and circuitry; 


3. the single crystal silicon layer is free from stress. 


Electrochemical Etch Stop Layer Heavily doped silicon can reduce etch rate by wet silicon 
etchants. Alternatively, doped layers can be biased during the etching process to realize 
electrochemical etch stopping. Such layers are important for early MEMS commercial products 
such as the blood pressure sensor (discussed in Chapter 15). 


SUMMARY 


This chapter is dedicated to the bulk microfabrication technology. The anisotropic wet etching 
of silicon is the most unique and frequently used processes in the MEMS field. Section 10.3 dis- 
cusses the rules for shape transformation from a two-dimensional mask to a three-dimensional 
etched profile with increasing degree of mask complexity. Other etching techniques are intro- 
duced in this chapter as well. 

At the end of this chapter, a reader should understand the following concepts and facts, 
and be able to perform the following analysis. 

Qualitative Understanding and Concepts: 


e The definition of anisotropic and isotropic etching. 


e The etching profiles associated with common wet and dry etching agents, including wet 
silicon anisotropic etch, plasma etch, deep reactive ion etch, isotropic wet etch, and gas 
phase etch. 


e Rules for mask transformation when using wet silicon anisotropic etching. 
e Types of etched profiles at a given time during etch. 


e Method for identifying FSLC associated with a mask shape. 
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e Common fabrication methods for realizing suspended beams. 
e Common fabrication methods for realizing suspended membranes. 


e The concept of built-in etch stops and the reasons these features facilitate yield. 
Quantitative Understanding and Skills: 


e Be familiar with methods for identifying FSLC shapes for a given mask. 


e Evaluate the dimensions of cavities given different wafer thickness, mask dimensions, and 
etch rate selectivity between <100> and <111> directions. 


e Evaluate the feasibility of candidate designs for realizing suspended cantilever and sus- 
pension beams using anisotropic etching. 


PROBLEMS 
Problem 1: Design 


A silicon wafer is 500 wm thick. The front surface is <100>. A mask consists of a rectangular window of 
unknown size. The sides of the window are parallel to <110>. After through-wafer etch, a window (50 um 
by 80 um) is formed on the other side of the wafer. Find the size of the original mask window. The under- 
cut rate is negligible. 

Problem 2: Design 

Repeat Problem 1 if the etch rate of <111> surfaces is 1/100 that of <100> surfaces. 


Problem 3: Design 


A through-wafer hole is shown in the following figure. A 10 um opening is desired at the front side of the 
wafer. It is fabricated based on anisotropic etching of an <100>-oriented wafer. Determine the designed 
size of the window, W, at the backside of the wafer. The etch rate on <111> surface is negligible. 
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—< <110> 


<110: 


Etch mask for piezore- 
sistive tactile sensor. 


Problem 4: Fabrication 


Prove whether the silicon underneath the center plate of the mask in Figure 10.28 will be completely 
undercut. 


Problem 5: Design 


Anisotropic silicon etching is used to create an inverted pyramid to serve as a microliter fluid reservoir. 
The mask layer is silicon nitride. The anisotropic etchant is EDP. Which of the following masks will yield 
the largest reservoir volume? Assume all the diagrams are drawn with same scale. 
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Problem 6: Design 


The mask shown below is used to create an anisotropically-etched cavity in silicon. The top surface of 
the wafer is <100>. What is the size of the opening at the front surface of the wafer after 1 hour of 
etching time, taking into account of lateral undercut underneath the original mask? Here, assume 
that the etch rate in the <111> direction is finite, at 0.05 ~m/min, whereas the etch rate in <100> direc- 
tion is 1 wm/min. 
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Problem 7: Design 


Draw the top and cross-sectional view of the SLSP profile. Assume the etch rate in <111> direction is zero. 
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Problem 8: Design 


Draw the top and cross-sectional view of the SLSP etched profile. Assume the etch rate in <111> direction 
is 1/100th that in the <100> direction. 
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Problem 9: Design 


Draw the top and cross-sectional view of the SLSP etched profile. Assume the etch rate in <111> direction 
is zero. 
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Problem 10: Design 


Draw the top and cross-sectional view of the SLSP etched profile. Assume the etch rate in <111> direction 
is Zero. 
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Problem 11: Design 


Using computer aided simulation tools to draw the mask and simulate the SLSP profile, assuming the 
thickness of the wafer is much greater than the window opening. Assume L = 100 um. 
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Problem 12: Design 


Misalignment during the fabrication process can influence the outcome of anisotropic silicon etching. A square 
opening with length of each side being 100 mm is supposed to be aligned to the <110> direction. Angular mis- 
alignment can occur due to instrumental error or mistakes in correctly identify the true crystallographic direc- 
tions during the wafer manufacturing process. Suppose the error is 5°. What is the size of undercut at each side? 


Problem 13: Design 


Draw the top and cross-sectional view of the SLSP etched profile. Assume the etch rate in <111> direction 
is zero. 
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Problem 14: Design 


Draw the top and cross-sectional view of the SLSP etched profile. Assume the etch rate in <111> direction 
is zero. 
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FIGURE 10.29 
Results of tip etching. 


Problem 15: Fabrication 


Determine the mask and three-dimensional profile evolution for generating an array of protrusion fea- 
tures as illustrated in Figure 10.29. The sloped surfaces consist of <111> planes and higher-index planes. 


Problem 16 


What is the terminal etching profile of Example 10.2 if the edge of the mask is aligned to <100> instead 
of <110> directions. Make line drawings of the mask and cavity (top view). 
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CHAPTER 11 


Surface Micromachining 


PREVIEW 


Surface micromachining methods are used widely in MEMS. As its name suggest, surface mi- 
cromachining processes are responsible for creating microstructures that reside near the sur- 
faces of a substrate. Unlike bulk micromachining, surface machining does not involve removal 
or etching of bulk substrate materials. 

A key technique for making suspended microstructures is the sacrificial etching. We will 
discuss general sacrificial etching techniques in Section 11.1, using polysilicon-based electrostatic 
micro motors as examples. Three generations of micro motors with increasing complexity are 
presented. 

There are many candidate materials for surface micromachining. In Section 11.2, we will 
discuss criteria for selecting structural and sacrificial materials. 

Surface micromachining is based on undercut release. The speed of undercut release is 
therefore important concern. In Section 11.3, a number of techniques for accelerating the process 
of undercut will be discussed. 

Sacrificial layer etching is often performed in liquid solutions. Many suspended, compli- 
ant micro mechanical structures cannot survive the drying process without special designs and 
procedures. Drying-related failures and correction methods are reviewed in Section 11.4. 


BASIC SURFACE MICROMACHINING PROCESSES 
Sacrificial Etching Process 


A simple, two-layer sacrificial etching process for forming a suspended cantilever beam is illus- 
trated in Figure 2.22 of Chapter 2. Here, the desired freestanding structure is a fixed-free cantilever 
anchored at one end to the substrate. The fabrication process starts with the deposition of a sacri- 
ficial material on the silicon wafer (a). The sacrificial material is defined by photolithography and 
patterned (b), followed by the deposition and patterning of a structural thin film (c and d). The 
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sacrificial material should ideally provide a mechanically rigid and chemically reliable support for 
the structural layer. In other words, the sacrificial layer needs to behave as a reliable placeholder 
during the process. The sacrificial material is later removed selectively to free the overlying struc- 
tural layer (e). If the sacrificial layer etching is conducted in a wet chemical solution, the liquid 
must then be removed to produce the final structure (f). 


Micro Motor Fabrication Process—A First Pass 


In Sections 11.1.2 through 11.1.4, we will review three complete surface micromachining 
processes for making electrostatic motors. For details about the operational principle of the 
micro motor, refer to Chapter 4. The fabrication involves deposition, patterning, and etching of 
multiple structural and sacrificial layers. Major performance objectives include friction reduc- 
tion and wear resistance. 

I will discuss processes for realizing micro motors in three incremental passes. In this sec- 
tion, I discuss a generic process. In Section 11.3, a process that allows reduced contact area be- 
tween the rotor and the substrate is discussed. In Section 11.4, we review a more complex 
design that reduces sidewall friction and wear by employing low-friction side bearing. 

The basic motor fabrication process is shown in Figure 11.1. The process begins with a 
silicon wafer. Since no bulk machining is involved, the orientation of the wafer is not relevant. 
The wafer is first covered by a sacrificial thin film, such as silicon oxide deposited by using the 
LPCVD method. (In this case, the thin film covers both sides of the wafer. However, only the 
materials on the front side are of relevance for the outcome of fabrication.) 

A structural material, polycrystalline silicon, is deposited on the wafer next (Figure 11.1b). 
In this case, the structural layer forms the rotor. 

In Figure 11.1c, a photoresist thin film covers the front surface of the wafer. The pho- 
toresist, after development and curing, serves as a mask in a subsequent reactive ion etch- 
ing step, which transfers the pattern in photoresist to the polysilicon structural layer. The 
photoresist is then removed, either using oxygen plasma (dry etching) or organic solvents 
(wet etching). 

The wafer is covered with yet another layer of oxide sacrificial material (Figure 11.1d). 
The deposited film conformally covers both horizontal surfaces and vertical sidewalls. The ma- 
terial of the second sacrificial layer may be different from the previous one, although in this 
case, LPCVD silicon oxide is a convenient choice. It offers satisfactory step coverage and tem- 
perature compatibility. 

A center hub that restricts the lateral translation of the rotor is made next. The hub also 
prevents the rotor from escaping from the substrate. In order to produce the hub, an anchor 
window reaching to the substrate is made (Figure 11.1e). It is accomplished by photolithog- 
raphy and wet chemical etching through two sacrificial layers. A second structural layer 
(Figure 11.1f) is deposited. It is firmly attached to the substrate via the open window. 

A photoresist film covers the second structural layer and then undergoes patterning and 
development. It is used to define the second structural layer (Figure 11.1g). Finally, both sacri- 
ficial layers are removed by immersing the wafer into HF etch solutions. 

Though the rotor is shown to be at an elevated position in the drawing of the finished de- 
vice (Figure 11.1h), it could easily drop to the substrate under gravity and form contact on its 
broad side. The rotor may also be stuck to the substrate if the wafer is not properly dried. 
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FIGURE 11.1 


The fabrication process 
for a planar electrosta- 
tic motor. 
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11.1.3 Micro Motor Fabrication Process—A Second Pass 


The fabrication process discussed earlier is capable of generating a basic micro motor. How- 
ever, its structure and performance is far from optimal. One major drawback associated with 
the design shown in Figure 11.1 is the lack of friction control. One way for mitigating the fric- 
tion is to reduce the contact area between the rotor and the substrate. A process for realizing 
such a feature is discussed in the following and diagrammed in Figure 11.2. 

Starting with a silicon wafer, a dielectric insulating thin film is deposited first (Figure 11.2a). 
Notice that only the deposited material on the front side is shown for brevity. (Readers should 
keep in mind that materials are also deposited on the backside during some steps.) In Figure 11.2b, 
a sacrificial layer is deposited. Two sets of photolithography and etching steps are performed to 
produce the cross-sectional profile illustrated in Figure 11.2e. The first step involves coating the 
sacrificial layer with a photoresist, patterning and developing the photoresist, and using the pho- 
toresist as a mask to remove a portion of the sacrificial layer thickness (Figure 11.2d). The pho- 
toresist layer is stripped and then replaced by a new one. A new round of processing steps 
including photoresist coating, patterning, and development of photoresist is performed again. This 
time, the exposed sacrificial layer is etched through its entire thickness (Figure 11.2e). 

Process steps from Figure 11.2d through Figure 11.2k parallel the process discussed in 
Section 11.1.2. The only difference is that the second structural layer (for the hub) is silicon ni- 
tride instead of polycrystalline silicon. In step k, the sacrificial layer is completely removed to 
free the rotor. Notice that the rotor may contact the substrate only at tiny bumps defined in 
Figure 11.2c. The effective contact area is much reduced compared to the previous case—this 
feature reduces friction and the chance of the rotor being stuck to the substrate. 

The rotor and the hub are not in tight contact at all times. The rotor and the hub must be 
separated by an in-plane gap whose size is determined by the thickness of the second sacrificial 
layer applied. During high-speed rotation, the rotor may wobble within the constraint of the hub 
and create alternating contact points, much like a hula ring moves around the waist of a dancer. 
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11.1.4 Micro Motor Fabrication Process—Third Pass 


The contact between the rotor and the hub creates additional friction and wear. One solution 
for this problem is to reduce the friction coefficient between the rotor and the hub by making 
contact surfaces out of silicon nitride. 

A process for integrating a sidewall silicon nitride bearing structure is illustrated in 
Figure 11.3. A silicon wafer is first coated with a dielectric barrier consisting of silicon oxide 
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and silicon nitride (Figure 11.3a). A polysilicon grounding plane is deposited (Figure 11.3b), 
followed by the deposition and patterning of a first sacrificial layer (Figure 11.3c). A second 
polysilicon structural layer (Figure 11.3d) is conformally deposited. The oxide sacrificial layer 
and the polysilicon layer are patterned photolithographically and etched. A layer of silicon ni- 
tride is deposited conformally, covering horizontal and vertical surfaces (Figure 11.3f). 

A globally reactive ion etching follows. The process parameter is designed such that the 
etch rate in the vertical direction is greater than that in the horizontal directions due to physi- 
cal etching. While silicon nitride on front-facing surfaces (such as the hub bottom and rotor 
front surface) is removed, silicon nitride on vertical surfaces is retained (Figure 11.3g). 

A timed wet etch is performed to create controlled lateral undercut in the first sacrificial 
layer (Figure 11.3h). Following this step, a layer of sacrificial material is deposited conformally. 
The sacrificial layer covers all surfaces, including those below the overhanging structures 
(Figure 11.3i). A photoresist layer is spin-coated and patterned, exposing the bottom of the hub 
region. Sacrificial material in the open window is etched to gain access to the underlying poly- 
crystalline silicon (Figure 11.3j). After deposition and patterning of another layer of silicon 
nitride as the hub, (Figure 11.3k), a global sacrificial etch is performed to release the rotor. 

The finished motor, with cross section shown in Figure 11.3/, contains friction-control 
films on the sidewall of the hub. Silicon nitride deposited in the undercut region created in 
Figure 11.3h prevents the rotor from dropping to the substrate surface. 
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( X 
í Æ Case 11.1 Three-Dimensional Structures with Surface Micromachining 


Microstructures connected to rotational hinges have been realized using surface microma- 
chined technology (Figure 11.4). The hinges allows in-plane micro structures to be erected 
with respect to the substrate plane [1]. 

The fabrication process of the hinge using polysilicon as the structural layers and 
oxide as sacrificial layers is discussed below. First, a layer of sacrificial material, sacrificial 
layer 1, is deposited using LPCVD, according to Figure 11.5a. Another thin film, structural 
layer 1, is deposited (Figure 11.5b) and photolithographically patterned (Figure 11.5c). Yet 
another sacrificial layer, sacrificial layer 2, is deposited again, covering the structural layer 
conformally (Figure 11.5d). A thin film photoresist is coated and patterned. It serves as a 
mask for realizing substrate access holes through the two sacrificial layers (Figure 11.5e). 
Another structural layer, structural layer 2, is deposited, filling the holes created in the pre- 
vious step (Figure 11.5f). The wafer is covered with a spin-on photoresist and then pho- 
tolithographically patterned (Figure 11.5g). The remaining photoresist serves as a mask to 
define the hinge housing (Figure 11.5i). A global sacrificial layer etch is performed to re- 
lease the structure layers, which can now rotate freely with respect to the hinge housing. 
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This general process can be modified to create more complex devices. For example, a 
vertical micro windmill has been made in the past [2]. 

Devices connected by hinges are generally very small, beyond the capability of effi- 
cient manual handling. Hinged structures can be moved out of plane using a variety of 
means and forces, including (1) parallel assembly using fluid disturbance during rinsing; 
(2) serial assembly using micro manipulator [3]; (3) parallel assembly using built-in stress in 
layers for prying microstructures out of plane upon release; (4) surface tension forces cre- 
ated by phase change of polymer or solder materials [4-6]; (5) parallel assembly using ex- 
ternal magnetic field [7, 8], or thermal kinetic forces resulting from thermally generated 
bubbles (at elevated temperature, 100°C and low pressure, 10 torr) [9]. Assembly using 
electrostatic or thermal actuators have also been demonstrated (e.g., [10]) but they require 
more complex setup and larger surface areas. 


STRUCTURAL AND SACRIFICIAL MATERIALS 


There is a large selection of candidate structural and sacrificial materials. The choice of materi- 
als depends on specific needs of each individual application. In this section, we will first evalu- 
ate general criteria for identifying successful candidate materials for structural and sacrificial 
layers. The major focus is on thin films of polysilicon, oxide, and silicon nitride. Other material 
systems including polymers and metals are also discussed in Section 11.2.3. 


Material Selection Criteria for a Two-Layer Process 


Essential prerequisites for selecting structural and sacrificial layer materials in a basic two- 
layer process is modified based on the Ideal Process Rule: 


1. The deposition of the structural material on top of the sacrificial material must not cause 
the sacrificial layer to melt, dissolve, crack, disintegrate, or becomes unstable or destroyed 
in any way; 

2. The method used for pattering the structural layer must not attack the sacrificial layer 
and any existing layers on a substrate; 

3. The method used for removing the sacrificial layer must not attack, dissolve, or destroy 
the structural layer or the substrate. 


The most established material pair is the polycrystalline silicon (as structural layer) and the 
phosphosilicate glass (or PSG, as the sacrificial layer). This material system satisfies the three cri- 
teria mentioned earlier. The PSG can withstand the deposition of the polysilicon layer. The poly- 
silicon can be patterned by using plasma etching, which etches PSG and oxide at much reduced 
rates. The PSG and oxide can be removed by using wet HF acid solution, which exhibits very 
high undercut etch rate on PSG but minimal etch rate on silicon. 

Certain processes may require two or more layers or structural layers and/or sacrificial 
layers. The processes for micromotors generally involve multiple structural and sacrificial 
layers. In such cases, the criteria of successful process design becomes more complex. The 
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rules that are discussed at the beginning of Section 11.2.1. now must be expanded in the fol- 
lowing manner: 


1. Any layer that is deposited must not damage the underlying layers; 
2. Any sacrificial etching process must not damaging any layers on the wafer; 


3. Any process to pattern any sacrificial or structural layer must not etch all layers present 
on the wafer. 


In many practical processes, the device application may dictate the use of certain types of 
substrate, sacrificial, structural, or interfacial materials. In such cases, it is impossible to limit 
the material choices to the LPCVD materials mentioned earlier. When other materials are 
introduced, it may be difficult to satisfy the three criteria listed above. One may have to pick 
a compromise choice of structural-sacrificial layer combination. Under these circumstances, a 
number of general factors should be considered when selecting the structural and sacrificial 
layers. These include: (1) etch rates and etching selectivity; (2) achievable layer thickness; 
(3) temperature of material deposition; (4) intrinsic stress of the structural layer; (5) surface 
smoothness; and (6) cost of materials and processes. 

During the sacrificial etching, both the structural layer and the sacrificial layer are ex- 
posed to etchants. The etch rates of the etchant on the sacrificial layer and the structural layer 
are labeled r,, and rg, respectively. The etch selectivity, defined as the ratio of rsa and rst, should 
be as high as possible. 

For devices involving multiple structural layers and sacrificial layers, successful choice of 
materials, etchants, and etching conditions must strive to maintain high etch selectivity at each 
and every step of the process. 

It takes time and effort to build a comprehensive and reliable etch rate table. A good 
starting point for beginners is published etch rate data. Papers published by Williams et al [11, 12] 
archived the cross reactivity between 53 materials and 35 etching methods. However, it should 
be noted that etch rates can be influenced by a large number of factors. 

Information provided in the two papers could be overwhelming for beginning readers. To 
ease the learning curve, three tables are provided to capture essential material- and process- 
related information. A table of 10 most commonly encountered MEMS materials is provided in 
Appendix 4. On the other hand, a table of 12 most common etching process steps and methods 
are summarized in Appendix 5. Appendix 6 contains a condensed etching compatibility table 
between the materials listed in Appendix 4 and etching methods introduced in Appendix 5. 

Ideally, a high sacrificial etch rate rsa is also desired to minimize the time required to com- 
plete the sacrificial etching step. If two competing process options have identical selectivity, the one 
with higher rsa is preferred. If a process has lower etch rate on the sacrificial material but higher 
etch selectivity over another, the choice should be made by considering other additional factors. 


11.2.2 Thin Films by Low Pressure Chemical Vapor Deposition 


A widely practiced method for depositing structural and sacrificial materials is the chemical 
vapor deposition (CVD). In a CVD deposition chamber, solid thin films are formed on wafers 
by condensation of vapor or adhesion of solid-phase reaction byproducts. The material growth 
is typically conducted in a sealed chamber to prevent introduction of particles and leakage of 
reaction gases. 
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The reaction energy is provided by heat or by plasma power. If the energy is provided by 
heat alone and conducted under low processing pressure (say a few hundred millitorr), the 
process is called low-pressure chemical vapor deposition (LPCVD). If the energy is provided 
by plasma power, the process is called plasma enhanced chemical vapor deposition (PECVD). 

In an LPCVD process, wafers are placed in the chamber filled with flowing process gases 
(Figure 11.6). The chamber is typically made of quartz to sustain high deposition temperatures. 
The typical range of pressure is 200-400 mTorr (1 Torr = 1/760 of 1 atmosphere pressure). 

There are three major LPCVD materials used in MEMS: polycrystalline silicon, silicon 
nitride, and silicon dioxide. LPCVD polysilicon and oxide materials were established in the in- 
tegrated circuit industry. Naturally, these two materials were the first to be used in MEMS. 
Professors Howe and Muller at the University of California at Berkeley, among others, were 
pioneers at establishing their mechanical properties and process guidelines. The LPCVD poly- 
crystalline silicon (polysilicon) material is used extensively in the integrated circuits manufac- 
turing. Doped polysilicon typically serves as the transistor gate, conductors, and resistors. 
Undoped LPCVD oxide is often deposited on a finished chip as an encapsulation. 


LPCVD Polycrystalline Silicon Polysilicon is deposited within a temperature range of 
580-620°C, by decomposing silane gas (SiH4) [13]. The reaction formula is SiH4 = Si + 2H. 
Process parameters such as pressure, gas flow rates, and temperature determine the 
microstructure and hence electrical and mechanical properties of the polysilicon films [14, 15]. 
For example, it is known that at a deposition temperature below 580°C, amorphous silicon will 
form in a horizontal LPCVD system [16]. 

Doping affects not just electrical characteristics, but also mechanical ones as well (e.g., 
stress of polysilicon, [17]). Doping of polysilicon can be achieved using two methods. First, the 
dopant atoms can be incorporated into undoped polysilicon by diffusion or ion implantation. 
Second, the dopant atoms can be incorporated in situ during the LPCVD growth by introduc- 
ing additive gas components containing dopant atoms. 

For polycrystal silicon used in MEMS, the following properties are important: conformal- 
ity, stress, and etch rate. Conformal coating is desired to cover three-dimensional topography. 
For clamp-clamped structures, internal compressive stress can cause buckling. For cantilevers, 
gradient of stress through the thickness can cause deformation. 

The polycrystal silicon used for CMOS circuitry and for MEMS are actually different. For 
MEMS, the need to have high growth rate (since the film is typically thicker than used for cir- 
cuit applications), low stress, and low etch rate by hydrofluic acid sacrificial etchant dictates the 
deposition conditions. 
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LPCVD Silicon Nitride The LPCVD silicon nitride is an insulating dielectric and generally 
exhibits tensile intrinsic stress. It is deposited at around 800°C by reacting silane gas (SiH4) or 
dichlorosilane (SiCl,H2) with ammonia (NH3). The reaction formula in the silane case is 
3SiH, + 4NH3 = SiN; + 24H. The chemical formula for stoichiometric silicon nitride is 
Si3N4. However, if the concentrations of gases deviate from the stoichiometric condition, a 
nitride film with chemical formula Si,N, will result. 


LPCVD Silicon Dioxide LPCVD oxide is deposited under relatively low temperature, e.g. 
500°C, by reacting silane with oxygen. The reaction formula is SiH4 + O->SiO, + 2Hb. If no 
additive gas is introduced during the reaction, the oxide is undoped and called low temperature 
oxide (LTO). Phosphorous atoms may be introduced into LTO when an additive gas, phosphine 
(PH3), is used in conjuction with silane and oxygen. The specific form of P-doped oxide is called 
phosphosilicate glass (PSG). The incorporation of P atoms increases the etch rate of oxide in HF 
acid solutions. The etch rate on PSG with 4 wt% phosphors can reach more than 1 um/min in 
concentrated HF etchants (40%). The PSG material is also known to soften and reflow under 
high temperature (e.g. above 900°C), creating smooth, rounded step edges. 

The oxide sacrificial layer is often removed with liquid etchant. However, dry etching of 
oxide by HF vapor has also been reported [18]. 


Process Parameter Control Process parameters, including gas mixture ratio, flow rate, pressure, 
and temperature, influence electrical, mechanical, and thermal properties of LPCVD films. 

Process parameters affect the thermal properties of LPCVD structural films. For exam- 
ple, the thermal conductivity of LPCVD thin films have been studied [19-21]. The thermal con- 
ductivity and other thermal characteristics of low-stress silicon nitride has been investigated in 
[22]. One comprehensive investigation [23] showed that the grain size, concentration, and the 
type of dopants affect the thermal conductivity of polysilicon. 

Process parameters also affect the intrinsic stress of LPCVD films. The stress levels of 
LPCVD materials may be tensile or compressive, with magnitude determined by a variety of fac- 
tors, including processing temperature, temperature profile during ramping, gas composition, and 
film thickness. Silicon nitride films generally exhibit tensile stress. Lowering of stress can be 
achieved by varying processing parameters and gas compositions [22]. Stress in polysilicon thin 
films is the lowest (in terms of magnitude) compared with oxide and silicon nitride. The stress can 
be further reduced by regular thermal annealing [13, 24, 25] or rapid thermal annealing [26, 27]. 


Alternative Methods Silicon nitride, polysilicon, and silicon oxide can be deposited using 
methods other than LPCVD. The LPCVD deposition processes discussed above result in wafer 
scale, global deposition of materials. Polycrystalline or amorphous silicon have been grown 
using local chemical vapor deposition by resistively heating up microstructures [28]. In such 
cases, CVD growth only occurs on the heated element. 

There is practical limit to the thickness of sacrificial oxide grown by CVD methods due to 
finite deposition rates. If thicker oxide is needed, other forms of oxide can be used. For exam- 
ple, spin-on-glass (SOG) has been explored as a sacrificial material [29]. (It has been used as a 
structural material as well [30].) 

It is also possible to deposit silicon, oxide, and silicon nitride using PECVD methods [31]. 
Compared with LPCVD, the PECVD method is conducted at lower processing temperature. 
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Unfortunately, low temperature also means lower material density and generally reduced resis- 
tance to etching. 

Alternatively, thin film materials such as polysilicon may be formed by sputtering off 
commercial targets. The sputtering process can be performed at the room temperature. 


11.2.3 Other Surface Micromachining Materials and Processes 


Other LPCVD materials such as silicon germanium (SiGe) and polycrystalline germanium are 
emerging as viable structural materials for MEMS in recent years. SiGe is being actively pur- 
sued in MEMS applications because its low processing temperature (450°C compared with 
580°C for polysilicon) allows processing of MEMS on a wider variety of substrate materials 
and enhances compatibility with CMOS [32-35]. The growth rate is also greater compared with 
polysilicon. Polycrystalline germanium offers low deposition temperature (<350°C) and excel- 
lent etch selectivity to thin film materials commonly used in silicon MEMS [36]. 

Besides semiconductor materials and related thin films, other classes of materials are also 
used as structural and sacrificial layers. These materials include polymers and metal thin films. 
Compared with LPCVD materials, polymers and metals can be deposited and processed under 
much lower temperature and using simpler equipment in general. 

Polymers that are often used in MEMS today are reviewed in Chapter 12. Polymer mate- 
rials can be deposited using a variety of means, including spin coating, vapor coating, spray 
coating, and electroplating. Polymers can serve as structural layers, providing unique mechani- 
cal, electrical, and chemical characteristics not available in semiconductor films. 

As a sacrificial layer, polymer thin films can be removed by dry etching (e.g., oxygen 
plasma etching) or by using strong organic solvents such as acetone. Nonconventional fabrica- 
tion processes are available for various polymers. For example, one method for removing Pary- 
lene sacrificial layer is to turn Parylene into carbon first and then removing the carbon by 
reacting it with oxygen to turn solid carbon into carbon dioxide gas [37]. This process circum- 
vents the stiction problem associated with liquid phase etching and subsequent drying. 

Elemental metals including gold, copper, nickel, and aluminum, as well as metal alloys, 
can be used as sacrificial layer or structural layers [38—43]. Thin metal films (e.g., less than 1 wm) 
can be deposited by evaporation or sputtering. Thick metal layers (e.g., greater than 2 um) can 
be made by using electroplating. 

Even silicon— either in single crystal or polycrystalline forms—can be used as a sacrificial 
material. Silicon sacrificial etching has been demonstrated using gas phase etchants, such as 
XeF) or BrF3 [44, 45]. 


( 2 E a ee 
2# Example 11.1 Material Selection of a Two-Layer Surface Micromachining Process 


Discuss the general compatibility between four sacrificial materials (CVD oxide, photoresist, 
Parylene, and metal) and five structural materials (CVD polysilicon, CVD silicon nitride, 
metal, photoresist, and Parylene). How many pairs are viable structural-sacrificial material 
combinations in a two-layer process? 


Answer. The compatibilities between the listed structural and sacrificial materials are summa- 
rized in Table 11.1. Overall, there are ten feasible material pairs. 
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TABLE 11.1 Possible combination of structural layer (columns) and sacrificial layer (rows). “No” indicates generally 
impossible combinations. 


Sacrificial layer 


Structural layer 


CVD PSG or 
thermal oxide 


Photoresist 


Parylene 


Metal 


LPCVD 
polysilicon 


LPCVD silicon 
nitride 


Metal 


Photoresist 


Parylene 


OK 


OK 


OK! 


No. HF etching 
solution may 
attack resist. 


OK 


No. Deposition 
temperature too 
high for resist. 


No. Deposition 
temperature too 
high for resist. 


OK? 


No. Structural layer 
and sacrificial layer 
are etched by 
simultaneously. 


OK. Organic solvents 


No. Deposition 
temperature too 
high for Parylene. 


No. Deposition 
temperature too 
high for resist. 


OK? 


No. All methods for 
etching Parylene 
(including dry etching) 
attack the resist 
structural layer. 


N/A 


No. Many metals 
can not sustain the 
high temperature of 
LPCVD polysilicon. 

No. Deposition 
temperature too 
high for resist. 

OK (if different 
metals) 


OK 


OK 


may attack resist but 
not Parylene. 


‘Certain oxide etchants (such as concentrated HF) may attack certain metal. 
Evaporated metal may increase temperature of wafer and cause polymer to locally melt. Carefully processing control is required. 
3Parylene (as sacrificial layer) must be removed using oxygen plasma, which may oxidize certain metals. 


11.3 


ACCELERATION OF SACRIFICIAL ETCH 


Sacrificial release of large-area plates or removal of sacrificial material inside long or blind 
channels are generally very time consuming. Due to small characteristics dimensions (thickness 
in the case of large area plate and cross section in the case of channels), the transport rate of 
fresh etchants and byproducts decreases as the etching progresses. 

The chemical transport characteristics for wet chemical etching of sacrificial materials in 
long blind channels has been studied for PSG (with silicon nitride as sacrificial layer) [46] and 
photoresist (with Parylene as sacrificial layer) [47]. 

One strategy for decreasing the overall time for sacrificially undercutting large-area plates 
is to deploy small openings, called etch holes. A scanning electron micrograph of suspended mi- 
cromachined flaps, each supported by two cantilever beams, is shown in Figure 11.7. The area of 
the flap is 200 um by 200 um. Four etch holes on each flap initiate sacrificial undercut from 
within the interior of the flap, as well as from the edges. It can significantly shorten the required 
time of etching. A micrograph of an etch hole in polysilicon is shown in Figure 11.8. In most 
cases, the etch holes are small so as not to influence performances adversely. 

In certain applications, however, etch holes may exert finite influence on the performance 
of devices. For example, etch holes on an optical reflector causes diffraction as well as reduction 
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perimeter of PSG mesa 


FIGURE 11.7 


Surface micromachined 
magnetic actuator. 


FIGURE 11.8 


SEM micrograph of an 
etch hole. 


of the reflectance [48]. In cases where etch holes are not preferred or allowed, alternative etching 
methods and materials become necessary. A number of possible techniques have been demon- 
strated in the past. The following materials have been reported as having extremely fast etch 
rate and high selectivity: (1) Dendritic polymer such as hyper branched polymers (HBPs) [49], 
(2) ZnO thin films. The etch rate on ZnO by 2% HCl exceeds 1000 A/s with no bubble forma- 
tion. If the sacrificial material is metal, the undercut may be accelerated by electrolytic dissolu- 
tion with an active electrical bias [50]. Furthermore, self-assembled monolayers can be used to 
release large-area micro devices without wet chemical etching [51]. 

Researchers have also developed porous silicon (with through-film pores measuring 
10-50 nm in diameter) for use as structural layers. The pores allow underlying sacrificial layer 
to be removed rapidly without resorting to macroscopically defined etch holes [52, 53]. Because 
the holes are nanoscopic in sizes, they have minimal impact on performances. 
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STICTION AND ANTI-STICTION METHODS 


Sacrificial material removal is often accomplished using wet chemical solutions, because of the 
high speed of etching, simplicity of setup, and generally good selectivity. It is necessary to dry 
the wafer and chips afterwards, by natural or forced evaporation. However, the drying process 
is not always straightforward. The situation is explained in Figure 11.9. 

As liquid is gradually removed through evaporation, the top surface of a microstructure is 
exposed to air first. Liquid trapped underneath the suspended micro structure will take much 
longer time to escape. A surface tension force develops at the interface of trapped liquid and air 
acting in the direction tangential to the liquid—air interface. For macroscopic devices, the sur- 
face tension force is negligible and does not cause any significant deformation. However, since 
microscale devices often use compliant structures and involves small gap spacing, the surface 
tension forces can cause appreciable deformation of the surface microstructures. Often, con- 
tacts with the substrate are made. 

Studies have been conducted in detail to characterize surface energies of bonding of se- 
lective material systems [54, 55].The contact between the suspended structure and the substrate 
can lead to irreversible damages. Upon contact, strong molecular forces (e.g., van der Waals 
force) are incurred to reinforce the attraction. Further, solid bridging is very likely due to the 
presence of fresh reaction byproducts. 

This failure mode of microstructures is referred to as stiction, a hybrid word combining 
sticking and friction. 

Many practical methods have been developed to address the stiction issue. These methods 
take one of four approaches: 


1. eliminate the capillary attractive force by modifying the solid—liquid interface chemistry [56]; 

2. prevent excessive bonding force from occurring, for example, by elevating solution tem- 
perature [57] or reducing surface contact areas [58]; 

3. release structures that are stuck to the substrate using various energetic input forms, locally 
or globally [59-61]; 

4. provide counteractive force to mechanical structures to prevent contact, for example by 
taking advantage of bending stemming from intrinsic stress [62]. 


chemical cantilever liquid 
container beam etching 
| / solution 
ý 
trapper liquid surface 
tension force 
FIGURE 11.9 e 4 
ne ZL 
Schematic diagram of 


drying process. 
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liquid supercritical 
regime 


pressure 


atmospheric 
pressure 


FIGURE 11.10 
room temperature Carbon dioxide super 
temperature critical drying. 


Two representative methods under these approaches are discussed in more detail in the 
following. 

Adverse surface tension associated with the liquid-air interface can be circumvented by 
using the supercritical fluid drying method. This technique was initially developed in the biol- 
ogy community to dehydrate delicate biological tissues for morphology studies while avoiding 
structure collapses and deformation. Let’s examine the process by observing a generic phase di- 
agram of a solvent material (Figure 11.10). Three phases—solid, liquid, and air—are the most 
familiar to readers. In addition, a supercritical phase occurs at high pressure and temperature. 

A typical drying processing utilizing the supercritical phase is described below. The chip 
containing released microstructures is immersed in a liquid and placed under a moderate pressure 
(instead of the atmosphere pressure) and room temperature. This starting condition is indicated by 
Point 1 on the phase diagram. The temperature of the liquid is increased while maintaining the 
pressure constant. The solvent makes a transition from the liquid phase to the supercritical phase 
(Point 2). The pressure of the supercritical fluid is then dropped, causing the supercritical fluid to 
turn into a vapor (Point 3). The transformation between liquid to supercritical fluid and then 
from supercritical fluid to vapor involve virtually zero surface tension. 

The stiction can be reduced by using hydrophobic coatings on micro structures and the 
substrate to reduce bonding energy. Surfaces can be terminated with long-chain molecules that 
self-assemble to form a hydrophobic self-assembled monolayer (SAM) [56, 63, 64]. Alterna- 
tively, flurocarbon materials (Teflon like) deposited by plasma methods can be used as well [65]. 

Hydrophobic surface treatment finds applications beyond antistiction coating. For example, 
the use of hydrophobic patterned regions reduces surface bonding energy and allows lifting of 
wafer scale devices from a mold without using sacrificial wet etching [51]. Local hydrophobicity 
modification also allows automated assembly of small parts in an self-organized manner [66, 67]. 


SUMMARY 


Surface micromachining technology is the center focus of this chapter. Surface microma- 
chining and bulk micromachining, which was discussed in the previous chapter, are often 
used together in a process. This chapter discusses the sacrificial layer technology based on 


404 Chapter 11 Surface Micromachining 
the most familiar material system—polysilicon as the structural layer and oxide as the sacri- 
ficial layer. Three processes for realizing micro motors are discussed to exemplify the tech- 
nical complexity achievable. Other alternative materials are briefly discussed. We then 
discussed major fabrication-related issues including stiction and acceleration of sacrificial 
undercut. 
The following is a list of major concepts, facts, and analytical skills: 

Qualitative Understanding and Concepts: 

e The basic, two-layer surface micromachining process. 

e The use of micromachining process for realizing micro motors. 

e The etch rate selectivity of common etchants for polycrystalline silicon and oxide. 

e General material selection criteria for structural and sacrificial layers, with up to three 
layers of structural layers in a process. 

e The deposition conditions and etching method of polysilicon, silicon nitride, oxide, pho- 
toresist, and metals (e.g., gold). 

e Commonly practiced antistiction method. 

e Ability to synthesize a successful surface micromachining process flow by selecting cor- 
rect structural and sacrificial layers and etchants, with maximized selectivity. 
Quantitative Understanding and Skills: 

e Evaluate the robustness of a multilayer sacrificial micromachining process. 

e Synthesize and design surface micromachining processes based on functional or structure 
description. 

PROBLEMS 
SECTION 11.2 


Problem 1: Design 


Part A: A suspended cantilever made of gold is located on a silicon substrate with a silicon nitride passi- 
vation coating. The silicon nitride layer was deposited using the low-pressure chemical vapor deposition 
method. The sacrificial layer is silicon oxide. Find as many ways as possible to etch the sacrificial layer 
without damaging the structural layer and the substrate, using the materials listed in Appendix 4. Explain 
your answers. 


Part B: Repeat part A. Use materials listed in [11] 


Problem 2: Design 


A surface micromachining process uses LPCVD polycrystalline silicon as the structural layer on top of a 
plain silicon wafer. The sacrificial layer needs to be 5 um thick. List all criteria that this sacrificial layer 
material must satisfy. Discuss whether there is a material that can be used for this purpose. (Consider all 
possible candidate sacrificial layers (out of the list of materials in Appendix 4) that satisfy process tem- 
perature compatibility, etch chemistry compatibility, acceptable deposition time (less than 6 hours total), 
and acceptable etching time. It is acceptable to list materials whose temperature compatibility with poly- 
silicon is questionable.) 
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Problem 3: Fabrication 


A generic surface micromachining process is diagramed below, using two layers of structural and two lay- 
ers of sacrificial materials. In this case, the substrate is silicon, the structural layer #1 is polycrystalline sili- 
con, and the structural layer # 2 must be Parylene. 


(a) Identify a set of possible candidate materials for sacrificial layer #1 and #2 out of a list of materials 
below: LPCVD silicon nitride, LPCVD silicon oxide, photoresist, and evaporated gold thin film. 
Briefly state the reasoning behind the decision for each item in the list. (Hint: It is possible that no 
materials can fulfill the requirements.) 


(b) Find the possible combination of other materials that provide process compatibility by using the 
etch compatibility table in Appendix 4. 


1 umt [7 | structural layer #2 
1 umt sacrificial layer #2 
1 pm structural layer #1 
1 umt sacrificial layer #1 


substrate 


Problem 4: Fabrication 


A generic surface micromachining process is diagramed below, using two layers of structural and two lay- 
ers of sacrificial materials. In this case, the substrate is silicon, sacrificial layer #1 is gold and the structural 
layer #1 is Parylene. 


Part a: Identify a set of possible candidate materials for sacrificial layer #2 and structural layer #2 
out of a list of materials below: 

Sacrificial layer choices: LPCVD silicon oxide, photoresist, and evaporated gold thin film. 
Structural layer choices: LPCVD silicon nitride, LPCVD silicon oxide, evaporated gold thin film. 
Briefly state the reasoning behind the decision for each item in the list. (Hint: It is possible that no 
materials can fulfill the requirements.) 

Part b: Find the possible combination of other materials that provide process compatibility by using 
the etch compatibility table. (Limit your choice to those discussed in Appendix 4.) Describe the 
complete process flow for building the stack, including details of photoresist spinning and develop- 
ment. (Hint: Find the deposition temperature of various materials from online sources and summa- 
rize them in a table.) 


1 umt structural layer #2 

1 umt sacrificial layer #2 

1 umt structural layer #1 

1 pm} sacrificial layer #1 
substrate 


Problem 5: Fabrication 


A generic surface micromachining process is diagramed below, using two layers of structural and two lay- 
ers of sacrificial materials. In this case, the substrate is silicon, structural layer #1 is gold, and structural 
layer #2 is Parylene. 
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Identify a set of possible candidate materials for sacrificial layer #1 and 2 out of a list of materials below: 
LPCVD silicon nitride, LPCVD silicon oxide, and photoresist. 

Briefly state the reasoning behind the decision for each item in the list. (Hint: It is possible that no mate- 
rials can fulfill the requirements.) 


1 um t structural layer #2 
1 um t sacrificial layer #2 
lum t structural layer #1 
1 um { sacrificial layer #1 


substrate 


Problem 6: Fabrication 


A generic surface micromachining process is diagramed below, using two layers of structural and two lay- 
ers of sacrificial materials. In this case, the substrate is glass, structural layer #1 is polycrystalline silicon, 
and structural layer #2 is gold. 

Identify a set of possible candidate materials for sacrificial layer #1 and #2 out of a list of materials below: 
LPCVD silicon nitride, LPCVD silicon oxide, photoresist, and evaporated gold thin film. Briefly state the 
reasoning behind the decision for each item in the list. (Hint: It is possible that no materials can fulfill the 
requirements.) 


1 um structural layer #2 


1 um sacrificial layer #2 


1 um structural layer #1 


1 um sacrificial layer #1 


[e—a e or ae 


substrate 


Problem 7: Fabrication 


Repeat Problem 3 for the diagram shown below. Here, we apply an arbitrary criteria that no deposition 
step should take more than 3 hours. (Hint: Find the growth rate data from literatures and online sources.) 


A 

1 um 4 structural layer #2 
A 

3 um sacrificial layer #2 
I 

1 um J structural layer #1 
A 

2 um sacrificial layer #1 
Yy 

substrate 
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CHAPTER 12 


Process Synthesis: Putting 
It All Together 


PREVIEW 


The purpose of this chapter is to discuss and summarize process choices for realizing MEMS 
devices. After having learned about micromachining processes (Chapters 2, 10, and 11), and 
transduction principles, a reader should be capable to evaluating process choices in the context 
of materials and functions. 

There are a wide variety of MEMS devices. However, there are only three classes of dis- 
tinct movable structures in MEMS (Figure 12.1). These are: 


1. Cantilever: a beam that is fixed on one end and free on another; 


2. Suspension: a beam that is fixed on both ends. The beam may contain plates in the middle. 
It is also referred to as clamped-clamped beams; and 


3. Membranes or plates. 


Commercial MEMS products use membranes and suspensions widely. Examples include ac- 
celerometers (suspended capacitive plates or comb fingers), gyros (suspended plate or fingers), 
digital micro mirror displays, and pressure sensors (membranes). Scanning probes utilize can- 
tilever structures frequently. 

All these elements constitute mechanical mass and spring constants. Many of these are 
free-standing and movable structures. The techniques for analyzing their dynamic performance, 
using the mass-spring-damper model, are similar and related. However, the fabrication 
processes are quite varied, depending on functional description. 

The decision for choosing among these structures is largely influenced by their behaviors 
under intrinsic stress. 


e A cantilever is often used for applications where a free-end is needed. A cantilever would 
warp if there is a gradient of stress throughout its thickness. On the other hand, if a can- 
tilever experiences a uniform stress, it won’t bend. 
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Cantilever, suspension beam, and membrane. 


e For a suspension beam, both ends are fixed. A suspension would bend and buckle if it expe- 
riences uniform compressive stress. However, it would remain straight if the stress is tensile. 


e A membrane would remain flat under tensile stress but would buckle or warp if it experi- 
ences compressive stress. 


The stress issue is unavoidable and is related to basic material properties. Materials would 
influence process, and process would in turn feedback to the design. For example, if the mater- 
ial of a suspension has to be made of single crystal silicon, then surface micromachining would 
be ruled out. 

In this section, we will first discuss a number of representative fabrication processes for 
these classes of devices individually. The comparison is not meant to serve as an exhaustive sur- 
vey. Nor is it possible to provide a comprehensive, analytical guideline. Rather, it is an intro- 
duction to the rich possibilities of micro fabrication. In this chapter we only consider the 
process techniques for making stand-alone micromechanical structures. In other words, inte- 
gration with electronics elements and packaging is not considered. 

There are many variants when choosing a process: 


e materials: the mechanical elements may be made of silicon, thin film dielectrics, poly- 
mer, metal; 


e processing technology class: surface or bulk micromachining, dry etching or wet etching, 
or involvement of wafer bonding; 


e types of wafers: silicon, glass, or special wafers (such as SOI wafers); 


412 


12.1 


Chapter 12 Process Synthesis: Putting It All Together 


e integration scheme: whether circuits and micro mechanical elements are to be co- 
fabricated; 


e number of layers: some structures consist of 1 layer of material, whereas the majority of 
structures consists 2 or more layers (including wire leads); 

e accessories: whether the mechanical structures would host sensors or actuators; 

e transduction principle: when sensors are being made, the transduction methods deter- 
mines the configuration and materials option. Electrostatic sensing, for example, requires 
the use of counter electrodes. 


PROCESS FOR SUSPENSION BEAMS 


Suspended beams and plates can be made of many different materials and under various 
geometries. The majority of MEMS commercial products (projector, accelerometer, gyro, res- 
onators) are based on suspension structure. A microstructure is composed of a plate structure 
and a substrate structure. A part list of representative suspension structures (up to two levels) 
and bulk substrate frame structures is drawn in Figure 12.2. Many combinatorial options are 
possible by selecting one beam/plate piece and one substrate piece. 

A number of generic fabrication processes are available, depending on the materials, the 
substrate, vertical profile in silicon, and composition of layers. A few representative fabrication 
processes classes involving bulk micromachining are shown in Figure 12.3. These methods can 
be classified into three major categories: undercutting a suspension structure, etch back, and 
processes involving wafer bonding and structure transfer. 

Each method is briefly described below. 


Method a.1: A thin film is deposited and then patterned. It is then used as a mask for anisotropic 
wet etching to undercut the silicon wafer to release the structure. In this case, since the film is 
deposited, the thickness is limited. 

Method a.2:A thin film is deposited and then patterned. It is then used as a mask for wet or dry 
isotropic etching to undercut the silicon wafer and release the structure. Like in case a.1, the 
thickness of the film is limited. 

Method a.3: A thick film is deposited with an etch-stop layer separating the film and the sub- 
strate. An example is a silicon-on-insulator (SOI) wafer. The film is etched, for example by deep 
reactive ion etching (DRIE) etching. It is then released by undercutting the substrate with dry 
or wet isotropic etch. 

Method b.1: Similar to method a.1 except for the fact that the structure is made free-standing 
by etching back the wafer from the reverse side. 


Method b.2: Similar to method b.1, except that the patterned thin film is separated from the 
substrate by an etch-stop layer. The etch-stop layer stops the backside anisotropic wet etching. 
The etch-stop layer is then selectively removed. 

Method b.3: Similar to method b.1, except that the backside etch is performed with backside 
DRIE etching. Since no etch-stop layer is used, the frontside material must have low etch rate 
by DRIE. 

Method b.4: Similar to b.2 except that the backside etching is performed with DRIE. 
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Method c.1: The thin film material on the front side is attached to a transfer wafer. It is then 
bond with a substrate wafer with cavities, and the transfer wafer is eliminated selectively (or de- 
tached). The thin film then serves as a mask for undercut. This is similar to a.1 in terms of the 
undercut method and the use of the thin film. Since the thin film is transferred, it may allow cer- 
tain materials not allowed in a1 to be used. 

Method c.2: Similar to c.1, except that the transfer wafer is bonded with a silicon wafer with cav- 
ity already. This will further relaxed the requirement for the thin film material, since the thin film 
material does not have to be a masking material for anisotropic etching. 


When a structure must incorporate multiple layers, or utilize counter electrodes, or include in- 
tegrated circuitry, candidate process variety increases significantly from Figure 12.3. 
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Representative methods for forming micromachined plates by bulk micromachining. 


2# Example 12.1 


A company is developing a MEMS gyro based on electrostatic sensing. It requires a suspension 
support. The device does not have to be integrated with electronics circuitry. Pick a process 
from the list diagramed in Figure 12.3. 


Answer. Since the structure is based on electrostatic sensing, it must be made of a low stress, 
low loss material with electrical conductivity. For beams, only tensile-stressed silicon nitride, 
tensile stressed polycrystalline silicon, and single crystal silicon are viable options. Silicon 
nitride cannot be used for electrostatic sensing nor piezoresistive sensing. Therefore, the sus- 
pension structure should therefore be made of single crystal silicon. 

Processes a.1, a.2, b.1, b.2,c.1 and c.2 are therefore not suitable, since the suspension struc- 
ture will be undergoing the silicon undercutting or backetching process. Only strategies b.2 and 
b.4 are possible, since they use the etch-stop layer to isolate the silicon suspension elements. 


Example 12.2 


Suppose a research team is building a suspension with a certain mass m. The team is consider- 
ing three different options with three different suspension thicknesses, 1 um, 10 wm, or 300 um. 
Develop appropriate processes for each case. 
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Answer. The team is faced with at least the following variants: 


e Film type: the material can be silicon, silicon nitride, or gold. With silicon nitride and gold, 
the thickness is limited to below 1 um due to the deposition time and materials cost. 
Silicon can be either LPCVD thin film silicon (with thickness limited to below 3 um) or 
single crystal silicon. 


e Surface micromachining or bulk micromachining: Both are not 100% compatible with 
integrated circuit foundry. Surface micromachining allows potential monolithic circuit 
integration. 


The following process flows are the options: 


Option 1: LPCVD silicon thin film (1 um) as suspension, surface micromahcining; 
Option 2: LPCVD silicon thin film (1 um) as suspension, bulk micromachining release; 


Option 3: Single-crystal silicon thickness film (10 um) as suspension, bulk micromachin- 
ing with SOI wafer; 


Option 4: Silicon ultrathick film by deep reactive ion etching followed by wafer bonding 
and transfer. 


Option 1 Option 2 
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In process option 1, a LPCVD sacrificial layer (oxide) is first deposited and patterned. It is fol- 
lowed by the deposition and patterning of LPCVD polycrystalline silicon. Through the open- 
ings in the polysilicon structure, the oxide sacrificial layer can be removed. 

In process option 2, a thermal oxide layer is first build on the wafer. This is followed by the 
deposition of a LPCVD polysilicon layer. The backside of the wafer is etched, through either 
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wet etching or DRIE etching. The etching stops at the oxide layer, which is finally removed with 
HF etchant. 

When trying to build a 10 mm thick silicon structure, the LPCVD method would not be 
feasible. It would simply take too long to grown such a thick film. 

Option 3 uses a SOI wafer with the frontside silicon designed to the desired silicon sus- 
pension thickness. The front side is first etched by dry etching until the oxide is exposed. The 
backside wafer is etched again, to the oxide etch-stop layer. This is followed by the removal of 
the silicon oxide to free the suspension. 

In option 4, since the thickness required is on the order of the silicon wafer thickness, it would 
be advantageous to etch the suspension in the silicon substrate. This is then followed by the bond- 
ing with a wafer with a release cavity. To make such a structure with the option 3 approach would 
require an SOI wafer with large frontside thickness. It would be too costly a substrate to start. 


Option 3 Option 4 
SOI substrate substrate 
suspension oxide 
Coors) ee Á 
substrate 


oxide 
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Æ Case 12.1 HARPSS Process for Realizing Deep Silicon Suspension in 


Monolithic Process 


The thick-suspension process described in the previous example uses wafer bonding technol- 
ogy. Can one make a thick suspension device without using the bonding process? One 
example of such processes is a high aspect-ratio combined poly and single-crystal silicon 
(HARPSS) MEMS technology [1], capable of creating high Q resonators, accelerometers, 
and gyros. Later, a related process called trench-refill polysilicon technology (TRiPs), was in- 
vented [2]. Key steps of the HARPSS process are illustrated in Figure 12.4. Silicon nitride is 
first deposited on a silicon wafer and then photolithographically patterned. The nitride effec- 
tively provides electrical insulation. Photoresist or oxide is used as mask for deep reactive ion 
etching to create vertical groves that are 100 um deep and 6 um wide (step a). An LPCVD 
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HARPSS process flow. 


oxide film is deposited over the entire silicon wafer (step b). The deposition is relatively con- 
formal in open trenches, although the thickness of oxide on the bottom of the trenches is 
lower than at the open surface. The wafer is spin coated with photoresist. The photoresist is 
lithographically patterned and used as a mask in the subsequent etch step (step c). Anchor 
windows are opened over the silicon nitride structures to allow subsequently polysilicon films 
to firmly adhere to the silicon nitride film. The photoresist is then removed. Here, care should 
be exercised to completely remove the photoresist from the bottom of trenches, especially 
because the next step involved high temperature process. Any un-removed photoresist could 
contaminate the oxidation tube and degrade device performance. 

A boron-doped LPCVD polysilicon layer is deposited (step d). The polysilicon is pat- 
terned using photoresist as a mask (step e). Another layer of photoresist is spin coated and 
patterned, creating windows in which silicon would be removed by a subsequently DRIE 
etching step (step f). After the target depth has been reached, an isotropic plasma etching is 
performed using SF, reactive gas. The plasma etching undercut laterally by 25 um in each di- 
rection (step g). The oxide film, whose thickness defines the gap between the polysilicon ver- 
tical electrodes and counter electrodes (bulk silicon), is removed using HF solutions (step h). 
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PROCESS FOR MEMBRANES 


Suspended membranes are often used in MEMS. Applications include pressure sensors, acoustic 
sensors, acoustic actuators, and optical mirrors, to name a few. There are many fabrication tech- 
niques for making membranes of various materials, sizes, and thicknesses. Membranes can be 
made by using surface micromachining (Figure 12.5a), bulk micromachining (Figure 12.5b, c), or 
by combing wafer bonding with these methods. The membranes may be made of silicon nitride, 
silicon oxide, single crystal silicon, metals, or polymer materials. The membrane may be made with 
tensile, compressive or zero intrinsic stress. Membranes may consist of a single elemental layer, or 
multiple layers. These variants introduce a rich variety of design and fabrication methods. 

Several generic methods based on bulk micromachining are diagramed in Figure 12.6. 
The techniques can be classified into several categories—wet silicon etching, dry plasma etch- 
ing, wafer bonding and transfer, and membrane bonding. There are several implementation 
strategies within each category. 


Method a.1: A thin film membrane material is deposited first. The wafer is etched from the 
backside by anisotropic wet etching. 


Method a.2: A thin film is deposited on the front side. This film serves as a mask to the front 
side when the wafer is etched from the backside to a certain thickness. While the cavity is still 
supported by the remaining silicon, a second thin film material is deposited and the wafer un- 
dergoes a patterning process. The wafer is then completely etched back from the front. Since 
the time it takes from the intermediate thickness to full lease is considerable shorter than it 
takes for the entire wafer to be etched through, the second thin film material does not go 
through long exposure to the anisotropic etchant. 


Method a.3: A wafer with the desired thin film on top of an etch-stop layer is used. The backside 
etching reaches the etch-stop layer. The etch-stop layer is then removed and the membrane is 
freed. 


Method b.1: Similar to process a.1, a thin film is first deposited and then the wafer is etched 
from the backside by DRIE process. 


Method b.2: Similar to a.3, a thin film is deposited on top of an etch-stop layer. The backside of 
the wafer is etched until the etch-stop layer is reached. The etch-stop layer is then selectively re- 
moved to free the membrane. 

Method c.1: Certain materials may be difficult to deposit in thin-film form. In this case, a bulk 
wafer can be bonded with a silicon wafer. The front bulk is polished back to the desired thickness. 
The silicon wafer is etched from the backside with silicon anisotrpic etching. 

Method c.2: A thin film attached to a transfer wafer is used. It is bonded with a silicon frame 
produced with bulk anisotropic etching. The transfer wafer is removed by delamination or 
peeling. 
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General strategies for fabricating a membrane. 


Method c.3: Similar to c.1 method, except that the bulk is transferred to a silicon frame. Hence 
the bulk material does not have to under go the silicon anisotropic etching. 


Method c.4: For materials that cannot be deposited on silicon (e.g., due to high temperature), 
it may be deposited on a transfer wafer with a sacrificial material sandwiched in between. 
After the transfer wafer is bonded with silicon, the bulk transfer wafer can be removed with 
sacrificial etch. 


Method d.1 and d.2: In certain circumstances, thin film may be available in loose film form. In 
that case, it may be possible to directly bond the film to a silicon frame. 
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È 
2# Example 12.3 


Suppose we are to build a silicon nitride membrane. Which one of the process in Figure 12.6 
would be suitable? 


Answer. Silicon nitride can withstand both DRIE and anisotropic silicon etching with good se- 
lectivity. There is a practical limit to the thickness of LPCVD silicon nitride film (see Chapter 2). 
It is also deposited by CVD process at high temperature, so it is unlikely that process c.1 and c.2 
(requires etching back), c.3 (requires peeling), and c.4 (requires extensive undercut) would work 
or be necessary. Since silicon nitride is rather delicate, it is not suitable to use d.2 and d.1, as 
whole film transfer might be difficult. 

We are left with options in the group a and b. 

Since silicon nitride would have rather good selectivity against silicon etching, we could 
use al and b.1. Processes such as a.3 and b.2, would involve etch-stop layers, would perhaps be 
even more selective. 


Example 12.4 Evaluate Processes for Elemental Membranes 


Identify methods to form elemental membranes with thickness of 1 um. 


Answer. The membrane should be made of single crystal silicon and tensile stressed silicon 
nitride. Let us evaluate a few specific processes for making elemental membranes to discuss 
their relative merits. 

In the first example, an ultrathin membrane (less than 1 um) is desired. The film does not 
have to be intrinsically piezoresistive. A preferred process uses LPCVD silicon nitride. The process, 
in line with option a.1 of Figure 12.6, starts with a <100> oriented silicon wafer (Figure 12.7). A 
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layer of silicon nitride is grown using low pressure chemical vapor deposition process. The silicon 
nitride film has tensile intrinsic stress. Thickness of the silicon nitride film is generally less than 
1.5 wm. Greater film thickness is generally not used because the time to grow LPCVD nitride will 
be excessively long. The silicon nitride film on the backside of the wafer is photolithographically 
patterned by using reactive ion etching with photoresist as mask. An opening is produced in the sil- 
icon nitride, with the four sides parallel to <110> directions. The wafer is immersed in a silicon 
etchant until the cavity reaches the other side of the wafer. 

Silicon membrane may be desired as opposed to silicon nitride membrane for a number 
of reasons. This is true if the desired membrane thickness is in excess of 1.5 um, or if piezoresis- 
tors made of doped silicon are to be embedded in the membrane itself. 

A representative process for making a silicon membrane start with a silicon wafer with 
<100>-oriented front surface (Figure 12.8). It is also in line with option a.1 of Figure 12.6. Sili- 
con dioxide is grown on the wafer. The oxide thin film on the backside of the wafer is pho- 
tolithographically patterned and etched with HF solutions. EDP or KOH is used to etch the 
silicon wafer. The etch rate is calibrated and the exact thickness of the wafer is measured dur- 
ing the etching process. By controlling the timing of the process, a silicon membrane with target 
thickness can be formed. The wafer is then immersed in HF to remove oxide. 

This process, however, makes use of STP cavities and is not robust to over time etch and 
under inevitable uncertainties of process parameters. Using this process, it is difficult to achieve 
thickness less than 1 um. 

How can one make silicon membranes with more process robustness? Yet another process, 
again in line with option a.1 of Figure 12.6, makes use of the fact that heavily doped silicon slows 
down anisotropic wet etching (Figure 12.9). A silicon wafer is doped on the front side using dif- 
fusion doping or ion implantation. The wafer is cured at high temperature to allow dopant atoms 
to be incorporated into the silicon lattice. This creates a layer of highly doped silicon with doping 
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concentration in the range of 107° cm *. The thickness of the layer can be controlled accurately. 
At this concentration, the etch rate by anisotropic etchants is reduced by a factor of 35 or more. 
The wafer is then oxidized on both side, or passivated using silicon nitride films. The oxide or ni- 
tride film is patterned on the backside to open windows, in which silicon is exposed. Anisotropic 
through-wafer etching is conducted until the highly doped silicon on the front side is exposed. If 
oxide is used, the film can be removed using HF If silicon nitride is used, the film can be selec- 
tively removed using H3PQ, solution at 180°C. 

This last process takes advantage of high selectivity to improve process robustness and yield. 
However, since the membrane is heavily doped, it is impossible to host effective piezoresistors. 


Example 12.5 Design a Process to Make Piezoresistive Membranes 


Design a process to make 1 mm thick membranes with embedded silicon piezoresistors. 


Answer. Sometimes it is important to measure membrane displacement for sensing applica- 
tions, such as pressure sensors and microphones. In this case, one common strategy is to integrate 
piezoresistors on the membrane. Three possible approaches are shown in Figure 12.10. In part a, 
deposited piezoresistors (e.g., LPCVD polysilicon) is placed on top of an insulating membrane. 
In part b, the membrane is made of silicon by bulk micromachining. The piezoresistors are 
formed by doped regions within the membrane. In part c, the piezoresistors are deposited on the 
membrane material, rather than being embedded within the thickness of the membrane. 

Parts b and c in Figure 12.10 uses regular silicon wafer and anisotropic wet etch to form 
the backside cavities. Alternatively, one can use SOI wafers and dry etching method. An SOI 
wafer depicted in Figure 12.11a consists of an oxide insulator serving as an etch-stop layer. The 
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frontside silicon is doped to form piezoresistors. In part b, the wafer is etched from the backside 
using deep reactive ion etching, which has very high selectivity against silicon oxide. The oxide 
is then removed selectively (in part c), leaving a silicon membrane on the front side. 


PROCESS FOR CANTILEVERS 


Cantilevers are widely used for scanning probe microscopy (SPM) instruments. As such, we will 
discuss various cases related to the SPM cantilever development. 

The scanning probe microscope is an important family of scientific instrument for surface 
characterization and modification. The SPM probe, consists of a spring and a tip, is the heart of 
any SPM instrument. Microfabricated SPM probes are widely used in many SPM applications. 
We will first review the history and future potentials of SPM technology (Section 12.3.1). In 
Section 12.3.2, I will discuss generic methods for making tips. Designs and fabrication methods 
for integrating cantilever springs and tips of various materials are reviewed in Section 12.3.3. 
Active SPM probes with integrated sensors and actuators increase the functional reach of such 
instruments. A number of SPM probes with integrated position sensors and deflection actua- 
tors are covered in Section 12.3.4. 


SPM Technologies Case Motivation 


Scanning probe microscopes (SPMs) are a family of scientific instruments used for studying 
topology and surface properties of materials with ultrahigh spatial resolutions. Instruments in 
the SPM family are collectively used to measure a diverse range of physical interaction events 
between a sharp tip and a sample surface. 

A generic SPM system contains the following essential components (Figure 12.12): a 
sharp tip, a sample, a precision robotic stage for moving the tip in a XYZ space above the sam- 
ple, and electronics for data acquisition and feedback control. 

The tip is a critical component. Different SPM instruments require tips of different de- 
signs and materials. Almost all tips ends at a sharp apex. The radius of curvature of tip apexes 
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can be as small as 20 nm. The sharp tip localizes the spatial extent of interaction with the sam- 
ple and contributes to high spatial resolutions. 

The tip is supported by a spring, typically in the form of a cantilever beam. The cantilever 
serves three possible functions: (1) as a sensor to report tip displacement; (2) as an actuator to 
control the tip’s position or temperature; and (3) as a hosting carrier of electrical leads or opti- 
cal guides. Certain SPM applications call for extremely compliant springs (e.g.,k < = 0.1 N/m) 
for achieving high displacement sensitivity. 

The earliest SPM probes are hand made. This leads to laborious work and poor repeata- 
bility. Micromachining technology is instrumental for the development of new SPM instru- 
ments. Miniaturization and microfabrication lead to compliant springs, wide choices of tip 
materials, and better repeatability. In many cases, MEMS is the only way for integrating func- 
tional tips and cantilevers. 

In this section, we will visit several examples of microfabricated SPM probes to illustrate 
the interaction between design, fabrication, and performance issues. Before we touch on this 
topic, a broad understanding of the past, present, and future of SPM instruments is necessary. 
First, we will briefly review two earliest members of the SPM family—the scanning tunneling 
microscope (STM) and the atomic force microscope (AFM). 

The STM is the first member of the SPM instrument family. It was invented in 1981 by 
Gerd Binnig and Heinrich Rohrer of IBM (Zurich). The fact that the duo were awarded the 
Nobel Prize in Physics only five years after the invention demonstrated the immediate and 
profound impact to science and technology. The STM was the first instrument used to render 
images of surfaces with atomic resolution. It uses a sharpened, electrically conducting tip. A 
bias voltage is applied between the tip and a conducting sample. When the tip is brought within 
about 10 A of the sample, electrons from the sample begin to tunnel across the junction 
between the tip and closest material atoms. The tunneling current is a strong function of the tip- 
to-sample spacing within a certain range. 

In a constant-height scanning mode, the magnitude of the tunneling current is recorded 
and used to reconstruct the topological profile. Alternatively, the distance between the tip and 
the substrate may be controlled in a closed-loop fashion during the raster scan while the tun- 
neling current is maintained as a constant. The driving signal generated in the control loop 
during a scan is used to derive the surface profile. 

The STM can only be used to characterize conducting surfaces. To remedy this deficiency, 
the atomic force microscope (AFM) was invented soon after, allowing atomic-resolution topol- 
ogy measurement of nonconductive sample surfaces. In an AFM instrument, atomic forces be- 
tween a tip and the sample surface cause a cantilever to deflect. The topology is reconstructed 
from the force—displacement map generated during the raster scan. Several types of forces typ- 
ically contribute to the deflection of an AFM cantilever. Both attractive and repulsive forces 
are possible (Figure 12.13). 

AFM extends the capability of atomic-resolution microscopy to nonconductive families 
of materials, including biological materials. Today, the AFM instruments are used to character- 
ize biological structures and monitoring biological events, in air or in liquid [3]. 

The SPM instruments were soon extended beyond the roles of measuring tunneling cur- 
rent (STM) and the van der Waals force (AFM) alone. The AFM instrument belongs to a gen- 
eral scheme called the force microscopy. The force microscopy scheme was extended such 
that the tip can react to a variety of forces, thus introducing a variety of force microscopy 
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modes, including lateral force microscopy (LFM), magnetic force microscopy, electric force 
microscopy, etc. 

Not all SPM instruments involve measurement and interpretation of forces. The spatial res- 
olution of many functional sensors can be drastically enhanced when the sensor element is placed 
on the scanning tip, provided that the sensing principle scales down well. Examples of such appli- 
cations include Scanning Thermal Microscopy (SThM) [4, 5], near field optical microscope [6]. 

The role of SPM instrument has extended beyond measurement of surface physical prop- 
erties. Their applications today include nanopatterning and data storage. 

The Dip Pen Nanolithography (DPN) is a powerful technique for directly depositing bio- 
chemical molecules (including DNA and proteins) onto surfaces with small linewidths [7]. The DPN 
technique uses an AFM tip coated with the molecules of interest. When the tip and the surface make 
a contact, a liquid meniscus is formed at the junction. Molecules on the tip diffuse through the 
meniscus interface to the writing surface, forming fine features made of the molecule (Figure 12.14). 
Since the SPM tip is usually very sharp, linewidth as small as 50 nm has been demonstrated. 


General Fabrication Methods for Tips 


In this chapter, we will review common microfabrication methods for making SPM probes. We 
will focus on force microscopy probes. 

When selecting materials and processes for making integrated tips, the most relevant con- 
sideration factors are: 


1. Apex sharpness; 
2. Tip aspect ratio; 
3. Conductivity; and 
4. Wear resistance. 
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The sharpness of the tip determines the resolution of imaging. The sharpness requirement 
in turn determines materials of and fabrication processes for the tip and cantilevers. 

The aspect ratio is often confused with the tip sharpness. However, it is actually a separate 
aspect of concern. Tips with high aspect ratio (length vs. tip diameter) can be used to resolve 
features in deep trenches. 

The conductivity of a tip is important for certain SPM and nanolithography tasks, such as 
scanning tunneling microscopy and high voltage nanolithography. AFM probes do not have to 
be conductive. The conductivity requirement influences the choice of materials, design, and 
processing techniques. 

Wear resistance is important for contact mode lithography applications or industrial 
applications for scanning large areas. Wear-resistant tips may be made of metals, silicon, or 
diamond. 

Silicon anisotropic wet etching is perhaps the most widely used method for realizing inte- 
grated tips. The silicon surface is first coated with a layer of thin film such as silicon oxide (by 
thermal oxidation) or silicon nitride (by chemical vapor deposition). The thin film layer is pat- 
terned photolithographically to form mask patches. Wet anisotropic etching and undercut cre- 
ates mesas and then sharp tips. Pyramidal shaped tips formed under mask patches are shown in 
Figure 12.15. 

The technique is simple and the materials are easily accessible. However, a serious draw- 
back of this process lies in the fact that the sharpness of the tips is difficult to control, as the tip 
profile is of the unstable, transitional (UTP) type. Once an atomically sharp tip is formed, the 
mask piece will fall off and the tip is rapidly attacked from the top. The control of tip sharpness 
is further complicated by spatial nonuniformity and temporal variability of etch rates. 

A common strategy for improving the quality and fabrication efficiency of anisotropically 
etched tips is to stop the etching process before atomically sharp tips are formed, and sharpen 
the tips using additional process steps. An SEM micrograph of tips with flat tops is shown in 
Figure 12.15a. These tips can be furthered sharpened by converting surface silicon into silicon 
dioxide in an oxidation furnace and then removing the oxide [8, 9]. The principle for this sharp- 
ening method is discussed below. 

The oxide growth rate is affected by the surface curvature. Oxide at the apex experiences 
greater stress than that on the slope. The growth rate of oxide at the apex of pyramid tips is 
therefore slower than that along the slopes. Tips after an oxide sharpening cycle becomes much 
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sharper (Figure 12.16). The sharpness and uniformity improves by repeating the cycle a few 
times. Routine manufacturing can yield radius of curvature <15 nm and cone angles of about 
30° up to 1 um from the apex. Ultimately, this method can result in silicon tips with radius of 
curvature lower than 1 nm. 

An alternative method of forming high aspect ratio, protruding silicon tips is to use 
plasma etching instead of anisotropic wet etching. Plasma etching can produce anisotropic or 
isotropic profiles, depending on process parameters including gas mixture ratio, pressure, 
power, electrode geometry, and others. It tends to generate tips with greater aspect ratio com- 
pared with those obtained using anisotropic silicon wet etching. Although the etch process can 
produce spectacular tip shapes, it is not uniform over a wafer surface and difficult to reproduce 
results. In practice, etching should be stopped with a small flat top still remaining at the apex to 
allow those tips to be furthered sharpened by oxidation. 

Tips can be formed by molding against an anisotropically etched SLSP-type cavity with 
four [10] slopes. We will discuss a few examples in the next section. The oxidation sharpening 
technique also works for inverted pyramidal cavities. The benefit of the oxidation sharpening 
technique can thus be translated to molded tips made of silicon nitride and metals [11]. 


Cantilevers with Integrated Tips 


An SPM probe consists of a cantilever and a tip. These two parts must be considered as a whole 
in terms of materials selection, design, and fabrication method. The most common factors of 
consideration pertaining to the cantilever include: 


1. the spring constant of the cantilever; 

2. the resonant frequency of the cantilever; 
3. the intrinsic bending of the cantilever; 

4. surface roughness of cantilevers. 


General fabrication strategies for SPM cantilevers with integrated tips but without integrated 
sensors or actuators are discussed in this section. 

Many applications demand force constants within a certain range. For example, high sen- 
sitivity AFM measurements require very soft cantilevers (with force constant below 0.1 N/m) in 
order to increase force sensitivity and to avoid scratch damage to surfaces in contact modes. 
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Some applications, on the other hand, require stiff cantilevers for probing, imprinting, and 
scratching. Formulas for calculating the force constant of a cantilever have been discussed in 
Chapter 2. Of all the dimensional factors—length, width, and thickness, the thickness is the 
most influential element of design, since the force constant of a cantilever varies as f 7. 

The resonant frequency of a cantilever determines the maximum bandwidth for writing 
and displacement sensing, as well as spatial resolution of surface imaging. SPM sensors with 
greater bandwidth can be scanned over a surface at a higher speed. 

Intrinsic bending of the cantilever is important. In many applications, bending of can- 
tilevers may upset system calibration. Worse still, intrinsic bending may affect performances. 
For example, if a LFM probe is bent, transverse friction force may cause the beam to warp 
rather than simply twist. 

The surface roughness and optical reflectivity of the cantilevers are important, too. Many 
SPM instrument use optical lever for displacement measurement. If the beam material does not 
provide enough reflectivity, or if the surface is too rough, the cantilever won’t operate in the 
SPM instrument. Additional metal coating may be needed to enhance optical reflection. How- 
ever, the additional films may introduce unwanted intrinsic bending. 

Cantilevers made of single crystal silicon and silicon nitride are the most widely encoun- 
tered. We compare seven schemes for realizing cantilevers with integrated tips. Schemes 1 
through 3 deal with silicon nitride cantilevers, whereas schemes 4 through 7 deal with silicon 
cantilever. For silicon cantilevers, schemes 4 through 5 use plain silicon wafers, while schemes 6 
through 7 use composite silicon wafers with buried layers (either heavily doped silicon etch- 
stop layer or silicon oxide). 

Two types of cantilevers are possible, one with the tip pointing away (outward) from the 
front surface of the substrate, another with tips pointing towards (inward) the substrate. Inward 
pointing tips are difficult to use, because the substrate may get in the way and contact the sub- 
strate first. However, the fabrication process of SPM probes with inward pointing silicon tips is 
simpler (Scheme 2 of Figure 12.17). 
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Schemes 1 through 3 are diagramed in Figure 12.17 and discussed in the following. 


Scheme 1: 

A plain silicon wafer is used (Figure 12.17, part 1.1) with front surface being <100> oriented. 
A mask layer is deposited and patterned, and used to etch protruded pyramidal tips (1.2). The 
tips are subsequently sharpened by oxidation. After removing the mask layer and oxide, the 
entire wafer is coated with silicon nitride to the desired thickness (1.3). (Note the process on 
the backside of the wafer is not shown for brevity.) The front surface of the silicon is coated 
with a photoresist layer and lithographically patterned. The patterned photoresist serves as a 
mask to etch the underlying silicon nitride (1.4). The photoresist spin coating is not straightfor- 
ward, however. The photoresist thickness at the tip apex is smaller than on planar surfaces. If 
the thickness is insufficient, the protection layer at the tip apex may be completely removed. In 
such events, there is a risk the tip may be attacked during anisotropic etching. 

The nitride layer is patterned to form cantilevers with integrated silicon nitride tips. The 
passivation layers on the backside of the wafer is patterned, and used for anisotropic etching to 
form the chip handles (1.5). Some disadvantages associated with this process are: (1) the diffi- 
culty associated with spinning wafer and protecting the tip between steps 1.3 and 1.4; (2) the 
blanket deposition of silicon nitride reduces the sharpness of the tip and increases its radius of 
curvature by an amount equal to its thickness. 


Scheme 2: 

A <100> silicon wafer is used. A mask layer is deposited, patterned, and used for etching a pyra- 
mid (2.1). A silicon nitride layer is deposited (2.3) and patterned (2.4). The masking layer on the 
backside is patterned. Anisotropic etching is performed to form handles (2.5). The most impor- 
tant improvement of scheme 2 over scheme 1 is the fact that the tip sharpness is not compromised 
by the silicon nitride thickness. Another important advantage of etching inverted pyramid is that 
the shape of the inverted cavity is self-limiting and the process does not rely on precise time con- 
trol. However, the tip is pointing inward, and therefore provides limited application potentials. 


Scheme 3: 

The tip molding process allows sharp tips and uniform sharpness to be realized in a robust fash- 
ion. Can one realize an outward tip using the molding process? One method is presented here. 
Again, a <100> wafer is used. An inverted pyramid forms on its front surface by anisotropic 
etching (3.2). A silicon nitride layer is deposited and patterned (3.3) to form the cantilevers. A 
handle wafer is bonded with the silicon wafer (3.4.) instead of being formed out of silicon sub- 
strates. Subsequently, the silicon wafer is removed by dissolving in an isotropic silicon etching 
solution. This process produces an outward facing tip with the tip sharpness not compromised by 
the thickness of the silicon nitride. In fact, this process, which was invented by Professor Quate’s 
group at the Stanford University, is used most widely by the SPM industry to make commercial 
probes [13, 14]. Major disadvantages of this process are: (1) the bonding step adds complexity to 
the process; and (2) the removal of the silicon bulk is costly and time consuming. 

The SPM probes made of silicon eliminates intrinsic stress associated with silicon nitride 
and can be intrinsically conductive. Cantilevers made of silicon can be realized using plain sili- 
con wafers according to schemes 4 and 5. The processes for making such probes are noticeably 
longer than those for silicon nitride ones. 
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Scheme 4: 


Starting with a <100> silicon wafer (Figure 12.18, 4.1), a pyramidal tip is first formed and 
sharpened (4.2). The wafer is coated with a conformal passivation layer, such as silicon oxide 
or silicon nitride (4.3). If the passivation layer is silicon oxide, it can be later removed using HF 
solutions. If the passivation layer is silicon nitride, it can be later removed by hot phosphoric 
acid (H3PO,). A passivation layer on the backside is patterned and used as a mask for 
anisotropic backside etching (4.4). The backside etch is time controlled, targeting a desired 
thickness (4.5). The layer on the front is then removed to finish the device (4.6). However, the 
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thickness control is practically difficult. 
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Scheme 5: 

An alternative process, Scheme 5, is developed. The first few steps—5.1 through 5.3, are identi- 
cal with fabrication scheme 4. A frontside etch by plasma defined the thickness of the silicon 
beam (steps 5.4 and 5.5). The front surface of the wafer is passivated and protected, against a 
backside anisotropic etching. When the etching reaches the front surface, part of the wafer cov- 
ered only by the passivation layer will become transparent and let light through for end-point 
detection. The logistics burden of carefully monitoring the time of backside etch is relieved. 
However, the wafer-scale etching nonuniformity issue remains unsolved. 

Using scheme 4, the realistic accuracy for controlling the thickness of the cantilever over 
a 4-in-diameter wafer is on the order of 5-10 um. A feasible minimum thickness of the beam 
should be approximately 20 um. Using scheme 5, the accuracy is somewhat improved over 
scheme 4. The minimal thickness is improved to 5-10 um on a wafer scale. 

Thinner cantilevers results in more desirable spring constant. In order to realize silicon 
probes with smaller cantilever thickness with more process robustness, special silicon wafers 
are used. Two representative processes are described in schemes 6 and 7. 

Scheme 6 uses a silicon wafer with a buried layer of heavily doped silicon (Figure 12.19). 
The doping concentration is made sufficiently high for etch-stop purposes. The buried layer is 
capped by a layer of lightly doped single crystal silicon wafer [15]. The thickness of the lightly 
doped layer on top and the heavily doped layer in the middle are specified for each project. The 
wafer with composite layers can be formed by bonding and etch back. The process for preparing 
the composite wafer involves bonding two wafers, the one on the bottom having a heavily 
doped top layer. The top wafer is etched back or polished to leave desired thickness of undoped 
silicon on the front. 

A pyramidal tip is first formed through the thickness of the undoped epitaxy silicon layer 
(6.2.). If the tip is formed by anisotropic wet etching, the etch will stop when the buried layer is 
reached. The wafer is then coated with a passivation layer (passivation #1) on the front side 
(6.3). The passivation layer is patterned and etched (6.4), and used as a mask for etching the 
heavily doped layer underneath by plasma etching (6.5). Another passivation layer (passivation 
#2) is deposited, to coat the exposed silicon (6.6). A backside wet anisotropic etching is con- 
ducted. Once the etch reaches the buried heavily doped silicon layer, the etching is automati- 
cally stopped (6.7). The passivation layers are then removed (6.8). 

Using this method, the accuracy for controlling the thickness of cantilevers can be as high 
as 0.5 um. 

Alternatively, the process can begin with a silicon-on-insulator (SOI) wafer according to 
scheme 7. A silicon-on-insulator wafer consists of a buried insulator (typically oxide) sand- 
wiched between two layers of single crystal silicon. The wafer is formed by bonding two 
wafers, one plain silicon wafer and one with oxide on the front, and etching back the thickness 
of the plain silicon wafer (7.1). The thickness of the top single crystal silicon can be custom 
specified. 

The tip and the cantilever can be made in the top silicon layer. The first few steps involve 
the etching and sharpening of the pyramidal tip (7.2), covering the front side with a passivation 
layer (7.3), patterning the passivation layer (7.4), and etching the silicon using plasma etch. The 
plasma etch stops at the oxide layer readily because the etch rate selectivity by the plasma on 
silicon and silicon oxide is very high (7.5) [16]. The entire wafer front surface is passivated again 
(7.7), and a backside etching is performed using wet anisotropic etch or deep reactive ion etch 
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Silicon cantilevers with complex wafers. 


(DRIE), both offering excellent selectivity between silicon and oxide. The device fabrication 
ends by removing passivation layers along with the oxide below the cantilevers (7.8). 


Cantilevers with Integrated Sensors 


Presently, most SPM applications involve only a single, passive SPM probe consisting of a can- 
tilever and a tip. However, many SPM applications demand probes with integrated sensors and 
actuators. Many future applications, such as data storage and nanolithography, call for arrayed 
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SPM probes (one-dimensional or two-dimensional) to achieve high efficiency and throughput 
[17-20]. In certain applications, probes are required to be integrated with heaters, actuators, 
and sensors [21, 22]. 

Although SPM probes have a very high spatial resolution, its field of view is generally 
very limited. Hence the SPM measurement technique cannot be extended to imaging large sur- 
face areas, for example a semiconductor mask or wafer. An array of SPM probes can increase 
the imaging throughput. Sensing of probe displacement simultaneously for the entire array be- 
comes necessary. 

The design and fabrication processes for SPM probes with sensors and actuators are more 
complicated than those for passive SPM probes. Several exemplary designs and processes are 
discussed in the following. 

Traditional SPM instruments use a laser beam bouncing off the cantilever to measure the 
displacement. This method is simple and low cost. However, it is impractical to use multiple 
laser beams to interrogate the displacement of many at high speed. The solution for array SPM 
sensing is for sensors to be integrated with individual probes. 

One aspect of the challenge is certainly the design and materials of these sensors to 
achieve sufficient force sensing resolution. The beam thickness determines the sensitivity. The 
process complexity generally increases with decreasing beam thickness. We discuss three probes 
with piezoresistive sensors. The targeted cantilever thickness values are 4.5 wm (Case 12.2), 
1 um (Case 12.4), and 0.1 um (Case 12.6), respectively. SOI wafers are used in all three cases. 


( ( x 
= Case 12.2 Silicon Cantilevers for SPM Probe 


The first example is a tip-less AFM probe with in piezoresistive sensor embedded through 
the entire length of the cantilever [23]. The cantilever consists of two layers—an intrinsic 
silicon layer and a doped silicon layer (p type with a sheet resistivity of 220 Q), which 
serves as the piezoresistive strain gauge. The cantilever is 4.5 um thick and the average 
depth of the doped region is 0.5 wm. The length and width of the cantilever vary from 400 
to 75 um, and from 50-10 um, respectively. This corresponds to the range of spring con- 
stants being 5 to 100 N/m. The measured resonant frequency varies from 40 to 800 kHz 
with a quality factor in air of approximately 200 to 800. The resistance of the different can- 
tilevers ranges between 2.5 to 70k. 

Although resistors could be defined to occupy the region with the highest stress, in 
this paper the resistor covers the entire cantilever. This simplifies the process by eliminat- 
ing one layer of mask for patterning the doping-barrier film. 

The device fabrication process starts with a silicon-on-insulator wafer manufactured 
using wafer-bonding techniques. The top layer is n-type silicon with a thickness of 
6 + lum and a resistivity of 15 Ocm. The intermediate oxide layer, which is 1 wm thick, is 
used as an etch stop during the process of etching the bulk silicon substrate in the final 
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release step (Figure 12.20a). First, the top silicon layer is etched town to a thickness of 
2 + 1 um. The wafer is oxidized to provide a doping shield layer for the backside (Figure 
12.20b). The researchers used wet etching to remove the oxide on the front side of the 
wafer. Boron is implanted on the front side at 80 keV with a dose of 10" ions/cm?. The 
thickness of the doped layer is controlled accurately (Figure 12.20c). The front side of the 
wafer is patterned using photoresist to define cantilevers. The silicon on the front side is 
etched using plasma till the oxide layer is reached (Figure 12.20d). The backside is pat- 
terned as well. The oxide on the backside is patterned photolithographically, and the oxide 
is etched using HF. 

A thin oxide is grown, serving as a passivation and insulation layer. The oxide is 
patterned at the end of the cantilevers to provide electrical contacts (Figure 12.20e). 
Metal (aluminum) is sputtered, patterned and etched to define wire leads (Figure 
12.20f). Thermal annealing is performed to encourage the aluminum to form ohmic 
contact with the doped layer. A polyimide layer is spin coated on the front side of the 
wafer to serve as protection during the silicon anisotropic etch in EDP (Figure 12.20g). 
The anisotropic etching produces cavities that reach all the way to the buried oxide. At the 
end of the process, the polyimide is removed (using acetone or oxygen plasma) and the 
original buried oxide is removed using HF, to completely release the AFM probes 


Œ 


12.3 Process for Cantilevers 435 


(Figure 12.20h). Finally, HF solutions remove the remaining oxide to yield the finished 
device. 

The output signal increases with the voltage applied to the Wheatstone bridge. For 
the purpose of increasing the sensitivity, the voltage bias should be as high as possible. 
However, the optimum bias voltage should not encourage the growth of 1/f noise. A bias 
voltage of 8 V is used, maximizing the signal-to-noise ratio and reducing the power con- 
sumption on the cantilever to a few mW. The minimum detectable deflection in the band- 
width from 10 Hz to 1 kHz varies from 0.7 to 0.1 Ayms. 


Case 12.3 Silicon Cantilevers for SPM Probe 


Later an SPM probe with a piezoresistive sensor was made by the same group as in Case 
12.2, on a cantilever of only 1 wm thick. This time, a tip was integrated with the cantilever 
[24]. The small thickness of cantilevers and the incorporation of a tip bring new challenges 
compared to the previous case, including (1) precise control of doping profile; (2) handling 
of chips after the suspended cantilever is made. 

The starting material is a silicon-on-insulator wafer with a 5-um top silicon layer 
(Figure 12.21a). An oxide layer is deposited and patterned, to serve as the mask for forming 
tips. A subsequent plasma etch undercuts the mask and form blunt tips (Figure 12.21b), 
which are then sharpened by oxidation (Figure 12.21c). The thickness of the remaining top 
silicon layer, consumed through the tip etching and the oxidation steps, is carefully designed 
to be approximately 1 um. The cantilever itself is patterned by plasma etch (Figure 12.21d). 
A 100-nm-thick oxide is grown on the top surface to serve as a doping mask (Figure 12.21e). 
The oxide is selectively etched to allow dopants to reach the desired piezoresistor locations 
(Figure 12.21f). The authors performed ion implantation of boron at 5 X 10!4/cm* dose to 
produce a shallow dopes layer, which is activated by a 10 s rapid thermal anneal at 1000°C 
and a 40 min low-temperature furnace anneal at 800°C (Figure 12.21g). Ohmic electrical 
contacts are made with an aluminum metallization (Figure 12.21h). A backside etch is per- 
formed, with the front side of the wafer being covered (Figure 12.21i). The rest of the 
process is similar to Case 12.2. 

Compared with the process in Case 12.2, a significant difference is that the step to de- 
posit oxide passivation is performed before the ion implantation rather than after. This is 
important because the oxidation is a high temperature step that encourages the dopants to 
out diffuse. With the thickness of the beam being very small, the margin for error is thinner. 
Therefore the oxidation is not performed after the ion implantation as in Case 12.2. The ion 
implanted dopant atoms are activated using the rapid thermal annealing method, which 
limits the overall expansion of the doped region. 
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( `N 
= Case 12.4 Ultrathin Silicon Cantilevers for SPM Probe 


Another cantilever with thickness under 1000 Å has been made [25] to satisfy extremely high 
sensitivity requirement (with target minimal detectable force of 8.6 fN/ VBZ in air). The diffi- 
culty in reducing the cantilever thickness stems from the need to precisely control the doping 
profile. Like the case beforehand, if the dopant is uniformly spread through the thickness, the 
sensitivity will be zero because of symmetry across the neutral axis. The doping must not reach 
more than ⁄ of the beam thickness. The methods discussed above for making the cantilever 
and asymmetric doping do not offer enough accuracy for this small thickness anymore. Instead 
of doping the cantilever with ion implantation to form piezoresistors, they are formed by in- 
situ deposition of boron-doped silicon using low-pressure chemical vapor deposition process. 
Let us look at how this doping step is incorporated into the overall process flow. 

The process begins with an SOI wafer with a 10 Qcm background doping (Figure 12.22). 
The thickness of the silicon on the front side is 200 nm, which is approaching the limit of SOI 
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wafer fabrication technology (a). The silicon on the front side is selectively thinned. A few 
options are possible, including mechanical polishing and wet silicon etching. However, 
these methods do not offer high precision required in this application. Instead, a thermal 
oxidation process is conducted. The oxide is formed by oxygen reacting with silicon, thus 
consuming the silicon from the front side. The oxidation process is rather slow and uni- 
form, allowing the silicon thickness to be precisely controlled. The oxide is later removed, 
leaving the thickness of silicon on the front side being 80 nm (b). HCI solution was used to 
clean the wafer. Although the etch rate of HCI on silicon is finite, it consumes 10-nm sili- 
con off the front side. 

A layer of boron-doped silicon is grown over the entire wafer with a thickness of 
30 nm and a doping concentration of 4 X 101° cm™° (c). The wafer is coated with pho- 
toresist which is used to define the shape of the cantilevers. The doped silicon forms the 
piezoresistor. However, direct contact of metal and the piezoresistor would yield a high 
resistivity and rectifying contact. To produce a low resistance contact with nonrectifying 
characteristics, a boron implant is performed locally at 30 keV energy and 1 x 10° cm? 
dose. The area of implant is limited to a small contact pad region, with other areas 
covered with cured photoresist to stop ions during implanting (d). A thermal annealing 
process is performed at 700°C for 3 h in an oxygen environment. This achieves both 
activation of dopants and forming an oxide insulator which protects the front side of the 
wafer. 

A contact window is opened in the oxide, followed by deposition and patterning of 
aluminum as metal leads (e). The contact is annealed in a forming gas at 400°C for 1 h. 
The backside oxide and doped silicon is patterned using a release mask. A deep reactive 
ion-etching step removes the silicon substrate anisotropically until the buried oxide 
layer is reached (f). Anisotropic wet etching may not be feasible here because the passi- 
vation layers are relative thin under low temperature and short duration oxide growth. 
Both the buried and deposited oxide layers are removed using buffered HF solutions, 
with the cantilever and contact regions covered with a temporarily bonded silicon wafer 
with photoresist as a bonding agent. The bonding wafer is then removed in acetone, 
completing the process. 


12.3.5 SPM Probes with Actuators 


SPM probes with integrated actuators have been developed to provide new applications capa- 
bilities, such as active control and data storage. Actuators are often used to provide transverse 
tip displacement. Such actuators can be based on piezoelectric, capacitive, or thermal bimetal- 
lic actuation principles. Two examples based on different actuation principles are discussed in 
the following. The first one, Case 12.5, is an SPM probe with piezoelectric sensors and actuators 
co-located on the cantilever. The second one, Case 12.6, involves a thermal bimetallic actuator 
for displacing the cantilever and tip. 
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( X 
= Case 12.5 SPM Probe with Piezoelectric Sensing and Actuation 


A team at Stanford University lead by Prof. Calvin Quate developed an atomic force mi- 
croscope with integrated piezoresistive sensors and piezoelectric actuators [22]. The fabri- 
cation of the device starts with a <100> oriented SOI wafer with a 100-um-thick intrinsic 
silicon layer and a 1-um-thick silicon dioxide in between the top silicon and the substrate 
(Figure 12.23a). The early stage of this process overlaps with Case 12.2. A thermally grown 
silicon dioxide covers the front and the backside (b). A double-sided lithography step is used 
to define oxide on the front and the backside with proper registration. The patterned oxide 
on the front forms masks for anisotropic dry etching, whereas the patterned oxide on the back- 
side of the wafer forms masks for etching cavities in bulk silicon. Tips are made in the top-layer 
silicon using plasma etching. Once the tips are formed, they are sharpened by a wet oxidation 
at 950°C for 2 h. Ion implantation at 80 keV and with a dose of 5 x 10!*ions/cm? is used to 
produce a doped layer of piezoresistor (c). 

In reality the doping concentration will exhibit a distribution in the direction of thick- 
ness. The effective gauge factor can be obtained by approximating the resistor in a layered 
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fashion, with each layer having different doping concentrations. The exact solution can be 
facilitated by semiconductor process simulation tools (called Technology CAD, or TCAD 
tools). For order of magnitude estimate, it is an acceptable practice to divide the surface 
dose by the effective thickness to yield the volume density, and find the piezoresistive coef- 
ficient based on the doping level [26]. 

Cantilevers are then photolithographically defined and etched. A 100-nm-thick oxide 
is grown on top of the cantilever. It serves many purposes, including passivation, electrical 
isolation, activation of dopants, and repairing surface damages caused on high-energy ion 
bombardment. 

A 0.2-um-thick LPCVD nitride is deposited. Its functions are discussed later. Con- 
tact holes are opened at the base of the cantilever so that the first metallization (consist- 
ing of 10 nm Ti and 500 nm of gold) can make electrical contact with the silicon (d). This 
metal layer serves as metal leads for the piezoresistor and the bottom electrode for the 
ZnO piezoelectric actuator. ZnO is deposited on the gold surface by dc magnetron sput- 
tering to a thickness of 3.5 wm. Cr and Au layers are deposited on top of the ZnO layer 
again. Because ZnO reacts to photolithography chemicals, a lift-off process is used instead 
of development. The metal serves as the top electrode and also a mask for etching the 
ZnO, which is performed using a solution consisting of 15 g NaNO3,5 ml HNO3, and 
600 ml H20 (e). 

The entire front side of the wafer is passivated with a layer of polyimide to protect 
against anisotropic etchants (f). Polyimide is used as the passivation because of its low 
temperature of deposition and the thickness of layer that can be reached. LPCVD thin 
films such as silicon nitride and oxide will not be good candidates for the passivation as 
their deposition temperatures approaches the Curie temperature of ZnO. The bulk silicon 
is etched from the backside to form cavities until the buried oxide is reached (g). The 
oxide is removed using HF (h). Since HF solutions attack ZnO rather quickly, the LPCVD 
nitride layer underlying the ZnO plays an important role of shielding the ZnO during this 
etching step. 

The cantilevers are 420 um long with the ZnO actuator occupying 180 um of the 
total length. Each leg of the cantilever is 37 wm wide and the full width of the cantilever 
is 85 um. The total deflection of the cantilever is 1 um for an applied electric field of 
10’ V/m. 

The probes with integrated sensors and actuators are used for imaging surfaces. A 
feedback loop monitors the cantilever displacement with the piezoresistor and determines 
the voltage that the ZnO actuator needs to be biased with to maintain constant spacing be- 
tween the tip and the sample substrate. However, the sensor and actuator are not com- 
pletely decoupled. The portion of piezoresistor underneath the ZnO piece generates a 
signal unrelated to the force applied to the tip. The probe needs to be electronically cali- 
brated in order to compensate for the coupling. In a later work, the region directly beneath 
the ZnO actuator was heavily doped to reduce the piezoresistive sensitivity associated with 
that region by at least 80% [27]. 

Later, ZnO was used as both an actuator and a sensors, with the advantage of simpli- 
fied design and fabrication by eliminating the piezoresistor element [28]. 
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C Case 12.6 SPM Nanolithography Probe with Thermal Actuation 


Conventional DPN patterning is performed using a single AFM probe. With typical write 
speed of 0.1-5 wm/sec, the throughput is limited by the serial nature of the process. To in- 
crease the throughput of DPN writing, arrayed parallel probes are desired. DPN probe arrays 
fall into two categories: passive probes or active ones. In a passive probe array, all tips in the 
array move in unison and draw the same pattern. In active arrays, each probe is equipped 
with an actuator that allows it to be lifted away from the writing surface independently of the 
other probes. This allows the writing process for each probe to be turned on and off at will. 
The design and fabrication of typical passive probes are reviewed elsewhere [29]. 

There are several candidate methods for actuation: electrostatics, piezoelectricity, and 
thermal bending. Thermal bimetallic bending offers low-cost materials, simplicity of fabri- 
cation, and potentially large displacement. The piezoelectric actuation scheme requires 
complex processes, material processing expertise, and dedicated equipment. Electrostatic 
actuation generally exhibits small displacement. 

The schematic diagram of thermally actuated SPM probes is shown in Figure 12.24. 
Each probe consists of two layers: a metal layer and a silicon nitride one. Materials of these 
two layers have different thermal expansion coefficient. The metal layer is patterned to 
have thermal resistor and expansion patches. The serpentine gold wire at the base acts as 
the ohmic heater while the remaining gold acts with the silicon nitride beam as a bimorph 
thermal actuator. A tip contacts the writing surface when no heat is applied, and pulls away 
from the writing surface upon provision of a heating current. 

The design of an active DPN probe must satisfy several conflicting design criteria. For 
example, each probes must (1) generate enough force to overcome surface adhesion for 
lifting, (2) develop sufficient deflection to overcome surface topology; (3) not scratch the 
surface when pressed down to overcome array-to-surface misalignment, and, finally, (4) 
minimize the post release curvature resulting from intrinsic thin film stresses to simplify 
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instrument configuration. Successful geometric designs satisfying all major criteria were 
found through numerical analysis procedures [30]. 

The fabrication process for making a thermally actuated DPN (TA-DPN) probe is 
shown in Figure 12.25. The process begins with an oxidized <100>-oriented silicon wafer 
(Figure 12.25a). A protrusion tip is first made by anisotropic etching (Figure 12.25b). The apex 
of the pyramids are sharpened by two repetitions of thermal oxidation and oxide removal [31] 
(Figure 12.25c). A silicon nitride layer is then deposited by low-pressure chemical vapor 
deposition (LPCVD). It is patterned with reactive ion etching to form the cantilever beams 
(Figure 12.25d). Metal layers, including chromium and gold, are then deposited and patterned 
to form the metal heater leads and actuator (Figure 12.25e). 

The Cr layer enhances adhesion between gold and the silicon substrate. Though the 
thickness of Cr is generally small, it nonetheless is responsible for introducing intrinsic 
stress and undesired bending. 

Finally, the beam is released from the substrate by anisotropic etching starting from 
the front side of the wafer (Figure 12.25f), using the silicon nitride layer as a mask. 

An SEM micrograph of the resulting array design is shown in Figure 12.26. Each 
probe array consists of 10 individual probes on a single silicon chip. Tip-to-tip spacing is 
100 um, resulting in a 20 um gap between individual probes. Each probe is 300 wm long 
(295 from probe base to tip apex), 80 um wide, and made of 9650 A thick silicon nitride and 
3650-A-thick gold with a 250 A thick chromium adhesion layer between them. The spring 
constant is 0.30 N/m by analytical calculation. The probe tips are approximately 5 um tall. 

Performance characteristics and demonstration of DPN writing has been conducted 
and reported in [32]. 
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FIGURE 12.26 


"| SEM micrograph of an 
active DPN array. 


PRACTICAL FACTORS AFFECTING YIELD OF MEMS 


Successful MEMS devices must achieve high process yield, whether it is for research or for 
product development. The most important factors that can reduce the yield of a MEMS process 
are summarized below. 


Stress Since many MEMS devices involve freestanding structures such as cantilevers, 
suspension beams, and membranes, the quality of these elements is of utmost importance. 
Intrinsic stress is a common issue in successfully deploying these elements. Further, stress on 
microdevices can also be introduced by the packaging process [33]. Stress can cause changes of 
topography, vary performance characteristics, permanently damage devices (e.g., through 
stiction), or can introduce unwanted signal crosstalks. 

Many functional thin films, such as metal, silicon oxide, and silicon nitride, exhibit intrin- 
sic stress. It is very difficult to completely eliminate the intrinsic stress. Intrinsic compressive 
stress can cause membranes or suspensions to buckle. Tensile stresses in a suspension or mem- 
brane can alter the mechanical resonant frequency and stiffness. Although stress will not cause 
a cantilever to buckle and bend, gradient of intrinsic stress in a cantilever through the thickness 
of the film can cause static displacement. 


Variation of Stress Further, it is not easy to precisely control the stress level. Many factors, 
such as thin film deposition temperature and chemical compositions, will alter the intrinsic 
stress. Consequently, the stress in thin film and freestanding devices are often variable. It may 
be a function of locations on a wafer, may vary from one wafer to another, or from one batch to 
another. Often, such variations are unavoidable and difficult to predict or control. 


Nonuniformity and Variability of Process The process characteristics (speed, selectivity) can 
change from time to time, from one part of a wafer to another, from one batch to another, and 
from one machine to another. Such variations induce changes of performance characteristics of 
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finished devices. It may also lower yield since not all devices will be processed to the same extent 
if cross-wafer variability exist, resulting in some devices being over processed or damaged. 


Low Selectivity of Process Steps Low selectivity of process on materials makes the timing of 
a processing critical and the prediction of end-of-process difficult. Its problem is further 
amplified by process nonuniformity and variability. 


Integrity of Mechanical Structure Freestanding mechanical structures are subjected to a lot of 
challenges. For example, surface micromachining introduces stiction during drying. The dicing 
process is physically challenging to the integrity of these elements. Further, handling of wafer 
dies, either manually or using automatic pick-and-place machinery, may further introduce high 
temperature, contact force, stress, and shock. 


Three-Dimensional Surface Topology The MEMS structures are uniquely capable of creating 
three-dimensional features. However, the three-dimensional features may cause difficulties 
with lithography. Wafers with open frames are difficult to spin photoresist. Photoresist spinning 
on three-dimensional topography may create nonuniform coverage. 


SUMMARY 


This chapter uses the SPM as an example to illustrate design, material selection, and fabrication 
strategies. MEMS probes are uniquely qualified for SPM applications. Therefore, we discussed 
the basic principles of SPM technologies as well. 
At the end of this chapter, a reader should understand the following concepts and facts, 
and be able to perform the following analysis. 
Qualitative Understanding and Concepts: 
e Basic operation principles of scanning tunneling microscope and atomic force microscope. 


e Basic device architecture of an SPM probe and design considerations—force constant 
and resonant frequency. 


e Eight general fabrication routes for realizing SPM probes with various materials. 
e Methods for making SPM probes with silicon cantilevers under varying cantilever thickness. 


e Motivation for including sensors and actuators on SPM probes. 
Quantitative Understanding and Concepts: 


e Evaluate the robustness of a process based on Ideal Process Rules. 


e Synthesize processes for cantilever, suspension, or membranes based on given functional 
or material description. 


PROBLEMS 


SECTION 12.1-12.2 
Problem 1: Design 


An electrostatic MEMS switch is to be made of gold conductors. Gold is desired due to its chemical inert- 
ness. The top gold suspension structure is separated from the gold signal conductor and the actuation 
electrode by a distance of 3 um. By applying a voltage to the actuation electrode, the top gold conductors 
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would be pulled down and connect the signal conductor line. Identify all candidate options. Develop a 
process that would produce such a structure. 
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Problem 2: Design 


A medically compatible pressure sensor is to be designed. The membrane is made of Parylene thin film. 
Displacement of the thin film can be accomplished by using metal strain gauge embedded in the mem- 
brane. Develop a process flow for realizing such a structure. Evaluate all feasible options and then iden- 
tify the optimal design. (The frame can be made by either wet or dry etching. The sidewall can be 
vertical or slanted.) 
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Problem 3: Design 


Suppose the device specified in Problem 2 is successfully made and shows promise. To modify the device, it is 
desired to use single crystal silicon as the strain gauge (due to larger gauge factor) and use gold as wire leads. 
The membrane material should still be Parylene. Develop a design and process flow for such a new device. 


SECTION 12.3 


Problem 4: Fabrication 

Find a way to add a step to Scheme 2 (Figure 12.17) to produce an outward facing tip using the same steps. 
The modification would produce a convenient tip orientation with sharpness determined by the etch pits. 
Problem 5: Design 


Find the dimensions of a straight cantilever with a force constant of 0.5 N/m and a resonant frequency of 
100 KHz out of single crystal silicon (t = 5 um), and gold thin film (t = 0.5 um). Assume the silicon has a 
Young’s modulus of 160 GPa. 
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Problem 6: Fabrication 


Develop a process for realizing an SPM probe with a gold tip and a polysilicon cantilever using the mold 
and transfer process. Draw the cross section of the process in detail. Describe the process of each step, and 
clearly identify all layers involved. The shape of the tip should be similar to a pyramid with a height of 
5 um or more. Tip sharpness is a primary design objective. 


Problem 7: Fabrication 


Develop a fabrication process for realizing an SPM probe with a thin film diamond tip and a polyimide 
cantilever. Draw the cross section of the process in detail. Investigate a method for depositing diamond 
thin film on silicon wafers. Summarize the process conditions, film quality (smoothness). 


Problem 8: Fabrication 


Develop a fabrication process based on the mold-and-transfer methodology [34] for realizing an array 
of SPM probes with two types of SPM probes on the same substrate. One probe consists of a LPCVD 
silicon nitride tip and cantilever. A second probe consists of a conductive platinum tip and a silicon ni- 
tride cantilever. The two cantilevers have the same length. The thickness of the two types of probes is 
identical. 


Problem 9: Fabrication 


How many methods according to Figure 12.6 are suitable for making 200-nm thick silicon nitride 
membranes with a size of 1 by 1 mm, with a polycrystalline silicon piezoresistor located on the top 
surface of the silicon nitride membrane? The polysilicon resistor, which is entirely located on the 
membrane and covers a fraction of the membrane area, is connected to metal wire leads. Out of all 
possible fabrication methods, discuss their advantages and disadvantages in terms of cost, process 
yield, and restrictions. 


Problem 10: Fabrication 


How many methods according to Figure 12.6 are suitable for making 200-nm thick silicon nitride mem- 
branes? Discuss the reason why unsuccessful methods fail. Out of all possible fabrication methods, discuss 
their advantages and disadvantages in terms of cost, process yield, and restrictions. 


Problem 11: Fabrication 


How many methods according to Figure 12.6 are suitable for making 1 wm thick Parylene membranes 
with a size of 1 by 1 mm? Discuss the reason why unsuccessful methods fail. Out of all possible fabri- 
cation methods, discuss their advantages and disadvantages in terms of cost, process yield, and re- 
strictions. 


Problem 12: Fabrication 


Review scheme #7 according to Figure 12.19 and determine the etchant and materials of each layer. Refer 
to [16], summarize the etching selectivity by the etchant on various exposed materials in each step (7.2 
through 7.8). Build a spreadsheet. 


Problem 13: Fabrication 


According to [34], develop a process using the mould-and-transfer strategies for realizing a SPM 
probe with a silicon nitride tip. The cantilever should consist of a bimetallic actuator with gold and 
silicon nitride similar to the principle discussed in Case 12.6. Namely, the gold layer may consist of 
resistive heaters. The process should allow gold resistors to be connected with voltage or current 
supplies. 
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Problem 14: Design 


For a comparison of diffusion between Case 12.2 and Case 12.3, find out the ratio of diffusivity of boron 
in single crystal silicon at 1000°C and 800°C. Assuming the ion implantation results in identical surface 
concentration and the surface concentration is constant, find the ratio of the dopant concentration at a 
depth of 0.5 um and time of 10 min between these two cases. 


Problem 15: Design 

For Case 12.2, derive the equation that was used in the reference paper (Equation 1 in Ref. [23]) for cal- 
culating the spring constant. 

Problem 16: Design 


Find the correct expression for estimating the resonant frequency of the structure in Case 12.2. Based on 
known geometry given in [23], find whether the experimentally measured resonant frequency agrees with 
the analysis. Discuss sources of any discrepancies. 


Problem 17: Design 


For Case 12.2, discuss sources of cross-sensitivity of the cantilever to temperature (%/°C) and compare 
the magnitude of temperature sensitivity to the force sensitivity. 


Problem 18: Fabrication 


In Case 12.4, a SPM probe with 100-nm beam thickness is realized. However, SOI wafers are rather 
expensive. Discuss an alternative process to realize a 100-nm beam made of a different material, such as 
silicon nitride. Find the suitable displacement transduction material based on piezoresistivity principle. 
Draw a fabrication process in detail. The overall thickness of the cantilever, together with displacement 
transduction material, should not exceed 150 nm. Discuss major performance aspects, including sensitiv- 
ity, compared to the silicon beam shown in Case 12.4. Discuss trade-offs of wafer cost, processing com- 
plexity, and performance in this case. 


Problem 19: Review 


Based on reference [22] in Case 12.5, find an expression of the tip displacement as a function of applied 
voltage. Compare the analysis result with experimental data in the paper. State your assumptions. 


Problem 20: Design 


Derive an analytical expression for the tip displacement of the thermal bimetallic active DPN probe dis- 
cussed in Case 12.6, using dimensional information outlined in [32]. Compare the results to experimental 
data and identify sources of discrepancy. State your assumptions clearly. 


Problem 21: Challenge 


Develop a design and companion fabrication process of a SPM probe with thermal bimetallic actuation 
and an integrated displacement-sensing element. The dimensions of the probe should be identical to those 
in [32]. Discuss coupling issues between the sensing and actuation functions. 


SECTION 12.4 


Problem 22: Fabrication 


Discuss strategies to make an array of pits (Figure 12.27), each 1.6 wm deep with an accuracy of + 0.1 um 
over a 4-in-diameter wafer. The diameter of the circular shaped pit is 2.5 um. The bottom and sidewall 
of each pit is covered with a thin gold film (100 nm thick). The planar surface between the cavities is 
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FIGURE 12.27 


Diagram of a single pit. 


substrate 


covered with 100-nm-thick oxide, which must be free of any organic residue. The sidewall should have a 
slope with smaller than 85° angle. (A single pit is diagramed below.) The pit serves as a site for bacteria 
attachment. The gold surface provides affinity to bacteria attachment, whereas the oxide rejects the 
bacteria growth. The substrate can be made of any materials. 


Problem 23: Review 


The intrinsic stress in a thin film is very important for MEMS development. Unfortunately, the intrinsic 
stress is affected by process parameters. It is often important for MEMS device manufacturers to monitor 
the intrinsic stress level in a micro device. It is desirable to have build-in stress level indicators to quanti- 
tatively or qualitatively identify the magnitude of intrinsic stress. These test structures would allow a 
process engineer to gauge the stress level without breaking the wafer or performing nonreversible, intru- 
sive procedures on other devices on the wafer. 

From the literature, identify three mechanical test structures for measuring the intrinsic stress of 
LPCVD silicon nitride layers. Compare these methods according to the simplicity of implementation. 
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CHAPTER 1 3 


Polymer MEMS 


PREVIEW 


Polymer materials are increasingly being used in MEMS for realizing structures, sensors, and 
actuators. Terminologies related to polymers are introduced in Section 13.1. In Section 13.2, I 
will review seven commonly used types of polymers in the MEMS field. Several sensors 
applications using polymer materials are discussed in Section 13.3 to illustrate unique tech- 
niques and challenges. 


INTRODUCTION 


Polymers are large, usually chainlike molecules that are built from small molecules. Long chain 
polymers are composed of structural entities called mer units, which are successively repeated 
along the chain. A bulk polymer is made of many polymer chains. The physical characteristics 
of a polymer material depend not only on its molecular weight and make up of polymer chains, 
but also on the ways the chains are arranged. 

Polymers can be classified into three major classes: fibers, plastics, and elastomers (rub- 
bers). Major discerning characteristics of these three groups are summarized in Table 13.1. The 
largest number of different polymeric materials comes under the plastics classification. Polyeth- 
ylene, polypropylene, polyvinyl chloride (PVC), polystyrene, fluorocarbons, epoxies, phenolics, 
and polyesters are all classified as plastics. Many plastic materials are manufactured by different 
vendors and carry different trade (common) names. For example, acrylics (polymethylmethacry- 
late, PMMA) is known as Acrylite, Diakon, Lucite, and Plexiglass in trade. Vendors may incor- 
porate additive substances into polymers to adjust their physical, chemical, electrical, and 
thermal characteristics and to change their appearances. 

According to their origins, polymers can be categorized into two groups: naturally occur- 
ring polymers and synthetic polymers. Naturally occurring polymers—those derived from 
plants and animals, include wood, rubber, cotton, wool, leather, and silk. Synthetic polymers are 
derived from petroleum products. 
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TABLE 13.1 Properties of polymers. 
Elastomers Plastics Fibers 
Upper limit of 100-1000 20-100 <10 
extensibility (%) 
Character of stress Completely and Partly reversible elasticity; Some reversible elasticity; 


deformation 


Crystallization 
tendency 


Initial Young’s 


instantaneously elastic 


Amorphous (in 
unstressed state) 


10°—10° 


delayed elasticity; some 
permanently set 


Moderate to high 


107—108 


some delayed elasticity; 
some permanently set 


Very high 


10°—10!° 


modulus (MPa) 


Polymers can be classified by its response to temperature. Thermal plastic polymers 
(thermalplasts) can be remelted and reshaped repeatedly whereas thermal setting polymers 
(thermalsets) take on a permanent shape after being melt-processed once. 

The melting of a polymer crystal corresponds to the transformation of a solid material, 
from an ordered structure of aligned molecular chains, to a viscous liquid in which the structure 
is highly random. This phenomenon occurs upon heat at the melting temperature, T. 

The temperature at which a polymer experiences a transition from rubbery to rigid state 
is termed the glass transition temperature, T,. Glass transition occurs in amorphous and semi- 
crystalline polymers, and is due to a reduction in motion of large segments of molecular chains 
with decreasing temperature. 

The mechanical properties of polymers differ from those of metals and semiconductors in 
several major aspects. An excellent review of mechanical properties of polymers can be found 
in [1]. Some notable facts are summarized below: 


1. Polymer materials cover a wide range of Young’s modulus. The modulus of elasticity may 
be as low as several MPa for highly elastic polymeric materials, but may run as high as 4 GPa 
for some of the very stiff polymers. 

2. Maximum tensile strengths for polymers are on the order of 100 MPa, much lower than 
that of metal and semiconductor materials. 


3. Many polymers exhibit viscoelastic behavior. When a force is applied to it, an instanta- 
neous elastic deformation may occur, followed by viscous, time dependent strain changes. 
As a result, many polymeric materials are susceptible to time-dependent deformation 
under a constantly maintained stress. Such deformation is called viscoelastic creep. 


4. The mechanical properties are influenced by temperature, molecular weight, additives 
(many proprietary), degree of crystallinity, and heat treatment history. Mechanical 
properties of certain polymers can change dramatically over narrow temperature range. 
For example, PMMA (acrylics) is totally brittle at 4°C but extremely ductile at 60°C. 
The stress-strain relation and the viscoelastic behaviors are both influenced strongly by 
the temperature. 
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Many organic polymers are dielectric insulators. However, certain polymers exhibit interesting 
conducting behaviors. In recent years, conducting polymer materials are being actively pursued 
for making transistors [2], organic thin film displays [3], and memory [4]. Such conductive poly- 
mers include polypyrrole, polyaniline, and polyphenylene sulfide, to name a few. 

Mobility of charge carriers in polymers is still orders of magnitude lower than that of sili- 
con and compound semiconductor materials. At this stage, polymer electronics devices are not 
able to compete with semiconductor electronics in terms of performance. 

Polymers can be processed using a large number of techniques, including injection mold- 
ing, extrusion, thermoforming, blow molding, machining, casting, compression molding, rota- 
tional molding, powder metallurgy, sintering, dispersion coating, fluidized-bed coating, 
electrostatic coating, calendaring, hot forming, cold forming, vacuum forming, and vapor depo- 
sition. Many techniques can be combined with microfabrication. 


POLYMERS IN MEMS 


Micromachining technology for MEMS was derived from integrated circuit fabrication. Natu- 
rally, silicon has been the predominant material choice. In recent years, polymers have emerged 
as an important new class of materials for use in MEMS applications. There are a number of 
unique merits associated with polymer materials. First, the cost of the material is much lower 
than that of single-crystal silicon. Second, many polymer materials allow unique low-cost, 
batch-style fabrication and packaging techniques such as thermal micromolding, thermal em- 
bossing and injection molding. Instead of processing on one wafer at a time, polymer substrates 
can potentially be processed in a high-throughput, roll-to-roll fashion. Third, certain polymers 
offer unique electrical, physical and chemical properties that are not available in silicon and 
silicon-derived materials. Examples of such properties include mechanical shock tolerance [5], 
biocompatibility, and biodegradability [6]. 

There are barriers for using polymers in MEMS. The viscoelastic behavior of polymers is 
undesirable in certain applications. Many polymer materials have lower glass-transition and melt- 
ing temperatures. The low thermal stability limits fabrication methods and application potentials. 

A significant number of polymer materials have been introduced to MEMS applica- 
tions in recent years. These materials find applications beyond being handle wafers or adhe- 
sive layers, but rather are used as structural mechanical elements including cantilevers and 
membranes. 

The list below includes polymers that have been used successfully and widely for MEMS 
applications. Some items in the list represent a family of polymers while others represent a spe- 
cific product: 


1. Polyimide; 

SU-8; 

. Liquid crystal polymer; 

. Polydimethylsiloxane; 

. Polymethyl methacrylate (also known as acrylics. plexiglass, or PMMA); 
. Parylene (polyparaxylylene); 
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. polytetrafluoroethylene (Teflon) and Cytop. 
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A summary of pertinent electrical and mechanical properties of these polymers can be found in 
Table 13.2. We will discuss material processing and applications of these seven materials in 
greater detail in Sections 12.2.1 through 12.2.7. 


TABLE 13.2 Properties of seven polymer materials. 


LCP! Polyimide? EPON SU-8° PMMA [1] 
Dielectric Constant (60 Hz) 2.8 3.5 5.07 3-4 
Dissipation Factor (60 Hz) 0.004 0.002 0.007 0.02-0.04 
Moisture Absorption <0.02% 2.8% N/A N/A 
Glass Transition Temperature 145°C 360-410°C 194°C 45°C (isotactic) 105°C 
(syndiotactic) 
Coefficient of Thermal 0-30 ppm/°C 20 ppm/°C 20-50 ppm/°C* 50-90 ppm/°C 
Expansion 
Tensile Strength 180 MPa 200-234 MPa 50 MPa 48.3-72.4 MPa 
Tensile Modulus 7-22 GPa 2.5—4 GPa 4-5 GPat 2.24-3.24 GPa 
Elongation at Break 1-5% 10-150% <1%4 2.0-5.5% 
Density (g/cm?) 14 1.42-1.53 1.2 0.9 


Representative patterning 
methods 


Laser, plasma 
etch 


Photo definition, wet 
etch, plasma etch 


Photo definition, 
plasma etch 


Photo definition, 
plasma etch 


Perfluoro-polymers 


Parylene® (Cytop)® PDMS’ 

Dielectric Constant 2.65-3.15 2.1-2.2 2.7 
Dissipation Factor (60 Hz) 0.02-0.0002 0.0007 .001 
Moisture Absorption 0.01-0.06% <0.01% 0.1% 
Glass Transition Temperature 160°C —97-108°C8 —125°C? 
Coefficient of Thermal 35-69 ppm/°C 125-216 ppm/°Cl!] 30 ppm/°C 

Expansion 
Tensile Strength 45-75 MPa 20-35 MPa 6.2 MPa 
Tensile Modulus 2.4-3.2 GPa 0.4-1.2 GPa 0.5-1 MPa 
Elongation at Break 10-200% 200-400% 8 100% 
Density (g/cm) 1.1-1.4 2.1 1.05 


Patterning 


'Vectra LCP, Celanese AG 
Kapton, Dupont 


Plasma etch 


3Resolution Performance Products, LLC. 
4 http://aveclafaux.freeservers.com/SU-8.html 


>Parylene Coating Services Inc. 


6Cytop, Asahi Glass Co LTD. 
™Dow Corning, Inc. 


Plasma etch 


Molding, plasma 
etch (slow) 


8Callister, William D., “Materials Science and Engineering an Introduction,” Wiley, New York, 4th Ed, 1997. 
°Neilsen, Lawrence E., “Mechanical Properties of Polymers and Composites”, Marcel Dekker, Inc., New York, 2nd Ed, 1994. 
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Polyimide 


Polyimides represent a family of polymers that exhibit outstanding mechanical, chemical, and 
thermal properties as a result of their cyclic chain-bonding structure [7]. Bulk processed poly- 
imide parts are used widely, from cars (struts and chassis in some cars) to microwave cookware. 
It is widely used in microelectronics industry as an insulating material as well. 

Polyimides are formed from the dehydrocyclization of polyamic precursors (Figure 13.1a) 
into cyclic polymers by incorporating aromatic groups R and R’ (Figure 13.1b). These aromatic 
groups are chosen to affect the properties of the final polyimide. For example, by chemically al- 
tering the polyamic acid precursor to include R” groups sensitive to UV light as shown in Figure 
13.1c, photo-patternable precursors can be made to crosslink where exposed to UV light [8]. 

The mechanical properties of polyimide films have been studied [9, 10]. Cured polyimide 
films exhibit intrinsic stress on the order of 4 X 10° Pa to 4 X 10’ Pa, as measured using sus- 
pended microfabricated polyimide strings [11]. Further, mechanical and electrical properties of 
polyimide may exhibit direction-dependent behavior. Many properties such as index of refrac- 
tion [12], dielectric constant [13], Young’s modulus [14], thermal expansion coefficient [14], and 
thermal conductivity [15] vary with processing conditions. 

Polyimide is commercially available as cured sheets, semi-cured sheets, or viscosity solu- 
tions for spin-coating [16]. The structure of a typical commercial polyimide —HN-type Kapton, 
is shown in Figure 13.1d. In MEMS, polyimide is used as insulating films, substrates, mechanical 
elements (membranes and cantilevers), flexible joints and links [17], adhesive films, sensors 
[18], scanning probes [19], and stress-relief layers [5]. Polyimide materials offer many favorable 
characteristics in these roles, including (1) chemical stability; (2) thermal stability up to around 
400°C; (3) superior dielectric properties; (4) mechanical robustness and durability; and (5) low 
cost of materials and processing equipment. 

Polyimide can be used as structural elements for sensors and actuators. Unfortunately, poly- 
imide is neither conductive nor strain sensitive. Functional materials such as conductors or strain 
gauges need to be integrated externally. Thin film metal strain gauges have been integrated with 
polyimide, exhibiting an effective gauge factor on the order of 2 to 6. An alternative is to modify 
the polyimide material for sensing purposes. For example, piezoresistive composite of polyimide 
and carbon particles with effective gauge factor on the order of 2 to 13 has been demonstrated [16]. 


SU-8 


The SU-8 is a negative tone, near UV photo-resist first invented by IBM in the late 1980s 
[20], with the main purpose of allowing high aspect ratio features (>15) to be made in thick 


eae: CO — NH— R'— 
RC 
— NH — CO COOH 


(a) FIGURE 13.1 


Polyimide chemistry. a) Generic polyamic 
acid precursor, with thermally stable R and 


i co co 
—N A Src » N—R’— R’ groups chosen for specific final proper- 
CO CO n 


ties in the b) resultant general polyimide 
structure after imidization (dehydrocy- 
(b) clization) reaction. 
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photosensitive polymers. The photoresist consists of EPON® Resin SU-8 (from Shell Chemi- 
cal) as a main component. The EPON resin is dissolved in an organic solvent (GBL, gamma- 
butyrolacton), with the quantity of solvent determining the viscosity and the range of 
achievable thickness. Processed layers as thick as 100 um can be achieved, offering tremendous 
new capabilities for masking, molding, and building high aspect ratio structures at low cost. The 
cost of SU-8 lithography is considerably lower than that of other techniques for realizing high 
aspect ratio microstrucures, notably LIGA process and the deep reactive ion etching. SU-8 has 
been integrated in a number of micro devices, including microfluid devices [21], SPM probes 
[22], and micro needles. It can also serve as a thick sacrificial layer for surface micromachining. 


Liquid Crystal Polymer (LCP) 


The liquid crystal polymer is a thermoplast with unique structural and physical properties. LCP are 
available commercially in sheets of various thickness. When flowing in the liquid crystal state dur- 
ing processing, the rigid segments of the molecules align next to one another in the direction of 
shear flow. Once this orientation is formed, their direction and structure persist, even when LCP is 
cooled below its melting temperature. This characteristic differentiate LCP from most thermoplas- 
tic polymers (e.g., Kapton), whose molecule chains are randomly oriented in the solid state. 

Owning to its unique structure, LCP offers a combination of electrical, thermal, mechani- 
cal and chemical properties unmatched by other engineering polymers. One of the earliest LCP 
films used in MEMS is a Vectra® A-950 aromatic liquid crystal polymer, produced by Hoechst 
Celanese Corporation [23]. The reported melting temperature of Vectra A-950 is 280°C. The spe- 
cific gravity ranges from 1.37 to 1.42 kg/m°, and the molecular weight is greater than 20,000 
g/mol. The compatibility of this LCP with commonly used chemicals in micromachining was first 
investigated in [23]. LCP is virtually unaffected by most acids, bases and solvents for a consider- 
ably long time and over a broad temperature range. Extensive tests showed that LCP was not 
attacked or dissolved by at least the following chemicals common in microfabrication: (1) organic 
solvents including acetone and alcohol, (2) metal etchants for Al, Au and Cr, (3) oxide etchants 
(49% HF and buffered HF), and (4) developers for common photoresist and SU-8 resist. 

LCP films have excellent stability. It has very low moisture absorption (~0.02%) and low 
moisture permeability, which are better than PMMA (see Section 2.5) and comparable to that of 
glass. For other gases, including oxygen, carbon dioxide, nitrogen, argon, hydrogen and helium, 
LCP also exhibits above-average barrier performance. Further, the permeation of gases through 
LCP is not affected by humidity, even under elevated temperatures (e.g., 150°C). The thermal ex- 
pansion coefficient of the LCP material can be controlled during the fabrication process to be 
both small and predictable. The LCP film also shows excellent chemical resistance. 

LCP was originally used as a high-performance substrate material for high-density printed 
circuit board (PCB) [23]. A number of unique processing methods have been developed for 
LCP, including laser drilling and via filling (for low-resistance electrical through interconnects). 

LCP films are used as substrates for space and military electronics systems, both for its 
performance and its stability. For instance, it has been explored as a high-performance carrier 
of radio frequency electromagnetic elements such as antennas. Results from high-frequency 
tests show that LCP has a fairly uniform relative dielectric constant of 3 in the range 0.5 to 40 
GHz and an extremely low loss factor of ~0.004. 

It is useful to compare LCP with Kapton, another polymer sheet (belonging to the poly- 
imide family) that has been used in MEMS in recent years. Compared with Kapton, LCP has a 
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lower cost (50%-80% lower than that of Kapton) and is melt processable at lower tempera- 
tures. As a result, bonding between LCP and another substrate (e.g. glass) is easier. For exam- 
ple, whereas Kapton is often bonded with an intermediate adhesive layer, LCP films can bond 
to other surfaces directly by lamination. 

For LCP film with uniaxial molecule orientation, its mechanical properties are 
anisotropic and dependent on the polymer orientation. For instance, the uniaxial LCP film can 
withstand less load in the transverse direction (i.e., the direction orthogonal to the orientation 
of its molecules) than in the longitudinal direction (i.e., the direction along the orientation of 
its molecules). If necessary, biaxially oriented film with equally good transverse and longitudi- 
nal direction properties can be made to correct the anisotropy behavior. A uniaxial film can be 
formed by bonding multiple layers of anisotropic films with angular offsets of crystal orienta- 
tions between layers. The orientation of LCP molecules varies through the thickness of the 
film, while at the two sides of the film molecules are oriented at opposite angles. If the angles 
are +45° and —45° at either side, the mechanical properties, such as coefficient of thermal ex- 
pansion, tensile strength and modulus are nearly isotropic. 

Commercial LCP material is supplied in sheet format. The thickness of LCP film could 
vary from several microns to several millimeters. Some can be provided with copper clad lay- 
ers on one or both sides. The optional copper clad layer is normally 15 ~ 20 um thick. This 
copper layer is laminated in a vacuum press at a temperature around the melting point of LCP. 


PDMS 


Elastomers are materials that can sustain large degree of deformation and recover their shape 
after a deforming force. Poly (dimethylsiloxane) (PDMS), an elastomer material belonging to 
the room temperature vulcanized (RTV) silicone elastomer family, offers many advantages for 
general MEMS applications. It is optically transparent, electrically insulating, mechanically 
elastic, gas permeable, and biocompatible. The biological and medical compatibility of the ma- 
terial is reviewed in [24]. PDMS is widely used in microfluidics. For details, see Chapter 13. 

The primary processing method is molding, which is straightforward and allows fast, low- 
cost prototyping. A number of unique process characteristics of PDMS are worth noting: 


1. The volume of PDMS shrinks during the curing step. Compensation of dimensions at the 
design level should be incorporated to yield desired dimensions. 

2. Due to volume shrinking and flexibility, deposited metal thin films on cured PDMS tends 
to develop cracks, affecting the electrical conductivity. 


3. The surface chemical properties (such as adhesion energy) can be varied by altering the 
mixing ratio and through surface chemical or electrical treatment. 


PDMS is commercially supplied as a viscous liquid —it can be cast or spin coated on substrates. Un- 
fortunately, the PDMS material is not photo definable. It therefore cannot be simply spin-coated 
and patterned like photosensitive resists. Though UV curable PDMS is being developed [25], the 
technology is not yet mature. It is possible to use plasma etching to pattern PDMS thin films. How- 
ever, the etch rate is rather slow. The measured etch rate is approximately 7 nm/min at 800 W power 
and 100 V bias. Etching of PDMS with O, plasma leaves the surface and line edges rough [26]. 

Methods for patterning thin PDMS film on substrate are important for MEMS applica- 
tions. We discuss a process developed for producing thin film PDMS patterns with precisely 
defined dimensions in Case 13.1. 
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XN 
Ç Case 13.1 Precision Patterning of PDMS 


The principle of a basic PDMS patterning process, modified from the screen printing 
method, is diagrammed in Figure 13.2. 

A photoresist layer is first spin-coated on top of a solid substrate (e.g., glass or silicon) 
and patterned by using conventional lithography processes (Figure 13.2, step 1). The thick- 
ness of the photoresist can be controlled by varying the spin rate. A viscous PDMS pre- 
polymer solution (e.g., Dow Corning SYLGARD 184 with 10:1 mixing ratio of base to 
curing agent) is poured over the wafer’s front surface (step 2). A flat and smooth rubber 
blade is used to traverse the substrate surface while maintaining contact with the top sur- 
face of the photoresist layer (step 3). This removes excessive PDMS prepolymer, leaving 
PDMS only in recessed regions between elevated photoresist molds. 

Due to nonideal contact between the blade and top surfaces of photoresist, a thin 
(<1 um) and often noncontinuous residual film of PDMS may be left on top of photoresist re- 
gions (step 4). This film can be removed later by light mechanical polishing or plasma etching. 

The wafer is thermally cured, allowing the PDMS to polymerize in the recessed regions 
(step 5). Finally, the photoresist mold is removed using acetone (step 6). The lateral dimen- 
sions of resultant PDMS patterns correspond to those of recess regions in the photoresist. 
Using this technique, microfabricated structures such as O-rings can be made on chip 
(Figure 13.3). Further, this technique can be combined with surface micromachining 
processes to integrate elastomer micro structures onto beams or membranes [27]. 


Photoresist 
(1) 


PDMS 


(2) 


(3) 
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FIGURE 13.2 (c) 


Schematic diagram of a 
method for forming PDMS 
patterned PDMS ee 
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FIGURE 13.3 
Micromachined PDMS O-rings. 
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PMMA 


PMMA is supplied in many different forms, including bulk, sheets, and solutions for spin- 
coating. PMMA bulk, most commonly known by its trade name acrylics, has been used in 
making microfluidic devices. The photodefinable PMMA thin film is a widely used e-beam 
and X-ray lithography resist. Spin coated PMMA has been used as a sacrificial layer as well 
[28]. Deep reactive ion etching processes for PMMA thin films has been demonstrated [29]. 


Parylene 


Parylene is a thermalset polymer. It is the only plastic material that is deposited using chemical 
vapor deposition (CVD) process. The deposition process is conducted under room temperature. 
A Parylene deposition system consists of a source chamber connected to a vacuum deposition 
chamber. A dimer (di-para-xylene) is heated inside the source chamber to approximately 150°C. 
It sublimates into a gaseous monomer, which then enters the vacuum chamber and coats on ob- 
jects within. Three parylene dimer variations are available from commercial vendors, including 
Parylene C (widely used), Parylene N (for better dielectric strength and penetration), and Pary- 
lene D (for extended temperature performance). 

The Parylene film offers very useful properties for MEMS applications, including very 
low intrinsic stress [30], room temperature deposition, conformal coating, chemical inertness, 
and etch selectivity. Parylene coating is deal for electrical isolation, chemical isolation, preser- 
vation, and sealing. 

Parylene has been used for microfluidics channels [31], valves [32], retina prosthesis [33], 
sensors (acceleration sensors [34], pressure sensors [35], microphones [36], and shear stress 
sensors [35]). 

The thickness of Parylene coating is generally controlled by the amount of dimer loaded. 
Thickness monitors and end-of-point detectors for in-situ Parylene thickness monitoring have 
been developed, for example based on thermal transfer principles [37]. 


460 


13.2.7 


13.2.8 


Chapter 13 Polymer MEMS 


Fluorocarbon 


Fluoropolymers such as Teflon and Cytop [38] provide excellent chemical inertness, thermal 
stability, and nonflammability due to the strong C— F bond. They can be used as a surface coat- 
ing, insulation, antireflection coating, or as adhesion agent. Cytop is a trademarked material (by 
Asashi Glass Company of Japan). It exhibits many good properties as Teflon but offers high op- 
tical transparency and good solubility in specific fluorinated solvents. Fluoropolymer films can 
be spin coated or deposited by PECVD method. In MEMS, Teflon and Cytop films have been 
used for electrical insulation, adhesive bonding, and friction reduction. 


Other Polymers 


In addition to the seven polymers mentioned above, a number of emerging polymer materi- 
als are pursued for use as functional structural layers, unique sacrificial layers, adhesive 
layers, chemical sensors, and mechanical actuators. These include biodegradable polymers 
[6], wax (paraffin) [39], and polycarbonate. These three classes of polymers are briefly 
reviewed below. 

Biodegradable polymer materials have been developed and investigated for implantable 
medical applications, drug delivery vehicles, and tissue engineering matrixes. Biodegradable poly- 
mers such as polycaprolactone, polyglycolide, polylactide, and poly lactide-co-glycolide have been 
demonstrated in MEMS use. Biodegradable polymers are thermoplasts. Microstructures have 
been formed by micro molding, for applications such as microfluid channels, reservoirs, and 
needles [6, 40]. 

Paraffin provides many interesting properties not found in other materials. For example, 
Paraffin has low melting temperature (40—70°) and high volumetric expansion (14-16%). The 
melt temperature of Paraffin can be controlled by mixing several types of Paraffins with differ- 
ent melting temperatures together. It can be selectively etched by certain organic solvents 
(such as acetone) very quickly at room temperature, and offers good chemical stability against 
many strong acid solutions such as HF. 

The use of Paraffin can lead to many interesting transduction mechanisms and microfab- 
rication techniques. At large scale, Paraffin has been used as linear actuators for dexterous en- 
doscope [41]. At small scales, paraffin-based actuators have been used for microfluid valving 
and pumping [39, 42] by encapsulating Paraffin patches inside a volume with integrated 
heaters. Wax can be used as a mold for fabricating complex micro structures [43]. 

Paraffin can be deposited using thermal evaporation, and patterned using plasma gener- 
ated with an oxygen and Freon 14 gas mixture. Since the melting temperature is low (75°C for 
Logitech OCON-195 or n-Hexatriacotane), all steps following Paraffin deposition must use low 
temperature processes or engage active substrate cooling. 

Polycarbonate is a tough, dimensionally stable, transparent thermoplast that can be used 
in many applications that demand good performance characteristics over a wide range of tem- 
peratures. Commercial polycarbonates are supplied in three grades: machine grade, window 
grade, and glass-reinforced grade. Un-notched polycarbonate has very high-impact strength, 
excellent dielectric strength, and electrical resistivity. Polycarbonate can be processed with in- 
jection molding, extrusion, vacuum forming, and blow molding. Polycarbonate parts can be 
bonded easily and welded. In MEMS, polycarbonate has been used for microfabrication of mi- 
crochannels using either sacrificial etching [44] or molding . Polycarbonate sheets with ion track 
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etched holes has found use for filters with unique ionic filtering capabilities due to the nanometer- 
sized diameters and uniformity of these holes [45]. 

Despite the progress in recent years, a large number of polymer materials that are widely 
used at the macroscale are not yet exploited for MEMS applications. Many polymer materials 
can potentially find applications in MEMS in the future. These candidates include conductive 
polymers [46, 47], electroactive polymers [48] such as polypyrrole [49-51], photopatternable 
gelatin [52], polyurethanes, shrinkable polystyrene film [53], shape memory polymers [54], and 
piezoelectric polymers such as polyvinylidene fluoride (PVDF) [55, 56]. 

Further, there are seemingly endless ways to modify polymer materials. For example, it 
has been discovered that the functional, electrical and mechanical properties of many polymers 
can be altered by additives such as nanoparticles [57], carbon nanotubes, and nanowires [58]. 


REPRESENTATIVE APPLICATIONS 


Many unique materials properties and fabrication techniques of polymer materials can best be 
understood by examining applications that involve them. We shall review four types of sensor 
devices, made using thin film polymers or polymer bulk substrates. 


Acceleration Sensors 


Acceleration sensors can be made entirely or partially out of polymer materials using a variety 
of transduction principles. These generally involve depositing functional thin films on polymer 
substrates or microstructures. 

In Case 13.2, I will review the design and fabrication process of an accelerometer that uti- 
lized polymer springs. The polymer is used for structural purpose but not for transduction. 


( X 
Æ Case 13.2 Silicon Accelerometer with Parylene Beams 


Here we discuss a microfabricated acceleration sensor using polymer support beams [34]. 
The accelerometer incorporates a silicon proof mass and high aspect ratio Parylene beams. 
The polymer beam increases the shock resistance, enabling large deformation without fail- 
ure. Because Parylene has a small Young’s modulus, the spring constant is low than if they 
were replaced by silicon. A low spring constant translates into increased sensitivity but 
somewhat reduced resonant frequency. 

In this design, Parylene beams are 10-40 um wide and have aspect ratios (height over 
width) of 10-30. However, it is impractical to grow Parylene films with thickness of hun- 
dreds of micrometers. In addition, there is no high aspect ratio reactive ion etching process 
that can produce vertical etching. 

An alternative process for realizing high aspect ratio Parylene structures is devel- 
oped. It involves first creating high aspect ratio trenches (400-um deep) as molds in a 
500-um-thick silicon substrate (Figure 13.4b). The wafer is oxidized by reacting with oxygen 
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FIGURE 13.4 


Parylene accelerometer. 
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at a high temperature (Figure 13.4c). The oxidized wafer (with conformal 2-um-thick 
oxide coating) is then placed inside a Parylene deposition chamber. Parylene thin films 
with thickness of 10 to 20-ym fill the trenches entirely (Figure 13.4d). A global plasma 
etch is performed to remove the Parylene on the open front surface. Parylene films in the 
trenches are preserved because the effective thickness is much greater (Figure 13.4e). 

The wafer is turned over to pattern a backside mask layer, which is used to define 
the wafer with deep reactive ion etching (DRIE). The DRIE process has very high selec- 
tivity between silicon and silicon oxide (Figure 13.4g) and stops when it reaches the oxide 
layer. At the end, the oxide is removed by HF solutions to free the Parylene beams. Since 
the Parylene film cannot survive overtime DRIE etching, the oxide layer effectively 
buffers the Parylene film. 

Since no active sensing layers are incorporated, the displacement of the proof mass 
in response to acceleration is detected using optical means. The proof mass has an area of 
1.75 mm by 1.75 mm. The resonant frequency was measured to be 37 Hz. The predicted 
thermal mechanical noise floor is 25 nm/VHz, while the measured noise spectrum density 


is 45 nm/V Hz. 


13.3.2 Pressure Sensors 


Pressure sensors based on thin films of silicon, silicon nitride, and polysilicon have been dis- 
cussed in previous chapters. We discuss a surface micromachined Parylene pressure sensor in 
Case 13.3. The surface micromachining process and the use of metal as strain gauges com- 
pletely eliminate the need to use thin film silicon or substrates, thus reducing the cost of devel- 
opment and the cost of final devices. 


( X 
i = Case 13.3 Parylene Surface Micromachined Pressure Sensor 


The basic design of a surface micromachined Parylene membrane with integrated resistors 
is shown in Figure 13.5 [59]. The membrane, circular as shown, is elevated from the sub- 
strate surface by a distance of 0.5 to 30 um. Strain gauge resistors for sensing membrane 
displacement are typically placed along the periphery of the membrane, as depicted in 
Figure 13.5. Metal films can serve as piezoresistors in place of doped polycrystalline silicon. 
However, one disadvantage lies in the fact that the resistivity of thin film metal is much 
smaller compared with that of polycrystalline silicon. In order to achieve appreciable mag- 
nitude of resistance (e.g., greater than 40 Q), these resistors are zigzagged, consisting of 
alternating radial segments and tangential ones. The redial segments are primarily responsible 
for the displacement sensing. When a vertical force or pressure is applied on the mem- 
brane, the membrane will be deformed to induce in-plane stress in the radial direction, 
which is sensed by radial segments of the strain gauge resistors. 
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Major design variables of a membrane device include the diameter and thickness of 
the membrane, the height of the underlying cavity, and the resistance of thin film resistors. 
A successful design must take into consideration of processing and performance needs si- 
multaneously. For example, to avoid unwanted membrane collapse and sticking to the sub- 
strate, it is generally desirable for a membrane to be smaller, thicker, and with greater 
cavity heights. However, if a membrane is overly small, it may not have enough area to ac- 
commodate appreciable resistance from embedded metal resistors. 

Increasing the cavity height (and membrane clearance) will generally cause difficul- 
ties with electrical continuity from the top of the membrane to the substrate level; there are 
also practical difficulties with building thick sacrificial layers (e.g., greater than 20 um). 

The overall process, diagramed in Figure 13.6 and Figure 13.7, can be achieved under 
relatively low overall temperature (i.e., less than 120°C). As a result, the process can be re- 
alized on a variety of substrate materials, including silicon, glass, and even polymers. 

A layer of photoresist is spin coated on the front surface of a substrate and patterned 
photolithographically (Figure 13.6a). The spin-on photo resist is cured in a convection 
oven, first at 60°C for 5 min (to remove edge beads) and then at 110°C for 1 min. The pat- 
terned photoresist will reflow slightly during post-development bake (110°C for 2 min), 
rounding the edges of features to create a sloped edge. Optionally, the photoresist can be 
selectively thinned (to a target height of 2.5 um) near etch/sealing holes (Figure 13.6b). The 
authors achieved this by additional exposure near the etch hole regions using a separate 
mask. This reduces the amount of Parylene needed to seal the cavity in optional step m. 

Major reasons for selecting photoresist as the sacrificial material (as opposed to metal 
or silicon dioxide) include: (1) the thickness of the sacrificial layer can reach 10-20 um 
range relatively easily and quickly; (2) the edge of photoresist sacrificial layer can be 
smoothed to realize gentle slopes. 

A 1-pm-thick Parylene thin film is then deposited on top of the wafer surface (Figure 
13.6c). The Parylene is subsequently coated with a 150-nm-thick Al thin film, which is then 
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patterned photolithographically (Figure 13.6d). Oxygen plasma etch is used, with the thin 
film Al as the mask, to remove the exposed Parylene (Figure 13.6e) and to reach underly- 
ing hard substrate. 

An oxygen plasma etch step creates a rather steep transition between the substrate 
and the top Parylene surface. This will pose problems of electrical continuity in the future 
when thin film metal wiring traverses between the substrate and the Parylene top surface. 
Therefore, after removing the metal etch mask, the authors made efforts to smooth the 
edge of the Parylene using a process described below. 

A layer of photoresist is spin coated (2500 rpm for 10 sec) following the removal of 
the thin film metal. The top profile of the photo resist after curing and reflow (5 min at 64°C 
followed by 1 min at 110°C) is much smoother than the slope in Parylene (Figure 13.6f). A 
global oxygen plasma etch is performed to etch the photoresist (Figure 13.6g). Since the 
oxygen plasma etch rate on photoresist and on Parylene is roughly identical (at 300 mTorr 
of pressure and 350 W of power), the smooth, reflown edge of the photoresist is transferred 
onto the Parylene after the photoresist on planar surfaces is removed. 
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FIGURE 13.7 

Final six steps _—-= m) 
(i through n) in the JE 

fabrication process of G) 


Parylene membrane. 


Thin film metal resistors embedded in the polymer membrane must be located near 
the surface, off the neutral axis of the membrane. After the edge profile is adjusted, a layer 
of 200-nm-thick Au (with a 5-nm-thick Cr thin film underneath for adhesion) is deposited 
and patterned on top of the Parylene thin film (Figure 13.6h). Gold offers better conformal 
coverage than others (e.g., Ni, NiCr, and Al), allowing electrical continuity across edges of 
membrane. The underlying Parylene shields the metal resistor from direct contact — and 
shorting, with the bottom of the cavity if the membrane is fully displaced downward. An- 
other layer of Parylene encapsulates the metal resistor, preventing delamination and acci- 
dental electric shorting. 

The thickness of short tangential segments are made thicker by depositing an addi- 
tional layer of metal using the lift-off process (Figure 13.71). 

The entire device is then coated with another 8-um-thick (nominal) Parylene layer 
(Figure 13.7j). The Parylene is patterned using a thin film metal (300-nm-thick Al) as a 
mask in oxygen plasma etching. A global plasma etch is performed to pattern the newly de- 
posited Parylene film. This exposes end regions of etch hole and also reopens the contact 
pads (Figure 13.7k). The photoresist sacrificial layer inside the cavity is removed using acetone 
(Figure 13.71). This is conducted under room temperature for 3 h (for a 400-um-diameter 
membrane) or more (for larger membranes). The wafer is dried under an infrared lamp for 
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FIGURE 13.8 


An optical micrograph 
of a membrane with 
serpentine piezoresis- 
tor. The diameter of the 
membrane is 400 um. 


10 min. It is impractical to remove the wet chemicals from the cavity using spin-drying be- 
cause the membranes are found to collapse and adhere to the substrates. 

Optionally, the authors reported hermetically sealing the cavity by depositing an- 
other thin film of Parylene (approximate thickness being 2 um). At the opening of each 
etch hole, two fronts of Parylene will grow from opposite surfaces and eventually meet to 
seal the cavity interior (Figure 13.7m). The pressure inside the cavity is kept at the process- 
ing pressure of Parylene deposition (approximately 40 mTorr). The Parylene film is also 
deposited on the bonding pad region, unfortunately. The authors performed another 
sequence of masking (with metal film) and etching (using oxygen plasma) to reopen the 
bonding pads regions (Figure 13.5n). 

An optical micrograph of a fabricated device is shown in Figure 13.8. The device has 
successfully performed for measuring contact pressure. Further characterization and im- 
provement of sensitivity is needed in order to demonstrate measurement of air or liquid 
pressure changes. 


13.3.3 Flow Sensors 


Most existing micromachined sensors have been developed using single crystal silicon sub- 
strates. An important reason for making sensors out of silicon lies in the fact that piezoresistive 
elements can be realized in silicon by selective doping. However, silicon devices are relatively 
expensive and brittle when compared to polymer and metal-based devices. A silicon beam may 
fracture easily in the presence of shock or contact. Flow sensors with polymer elements are re- 
ported. One example, a LCP-based flow rate sensor, is discussed in this section (see Case 13.4). 
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XN 
C Case 13.4 LCP Piezoresistive Flow Sensor 


A flow sensor consisting of a polymer cantilever beam has been made [23]. As shown in 
Figure 13.9, flow imparts momentum on the cantilever and causes it to bend, inducing 


FIGURE 13.9 


Schematic diagram of a LCP 
polymer flow sensor. (a) When 
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cantilever and causes it to bend. 


FIGURE 13.10 


(a) Optical micrograph of a 
cantilever flow sensor. 
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sured output characteristics 
as a function of flow rate. 
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strain at the base of the cantilever. The strain is transduced into an electrical signal using a 
piezoresistive sensor made of thin film metal. While the gauge factor of doped silicon can 
reach 10-20, the gauge factor of thin film metal is much lower, typically ranging from 1 to 5. 
However, the increased thickness and compliance of these polymer film devices has been 
shown to offset the reduced gauge factor of metal film strain gauges resulting in sensitivity 
comparable to silicon-based devices. 

The flow sensor uses nickel-chrome (NiCr) strain gauges on an LCP cantilever that is 
1000 um wide and 3000 um long. Figure 13.10a show a micrograph of the completed de- 
vice. Wind tunnel testing with flow rates from 0 to 20 m/s showed a velocity-squared rela- 
tionship as expected, as seen in the quadratic trend line in Figure 13.10b. 


13.3.4 Tactile Sensors 


Among the various types of sensors discussed in this book—pressure, acceleration, flow, and 
tactile sensors—the tactile sensors has the most stringent requirement of sensor robustness. 
They must be able to withstand direct contact and over loading. It is advantageous to incorpo- 
rate polymers in tactile sensors in increase the level of robustness. One example of a multiple 
modality tactile sensor is reviewed in Case 13.5. Tactile sensors based on piezoelectric sensing 
using PVDF material has been made as well [60]. 


( X 
= Case 13.5 Multimodal Polymer-Based Tactile Sensor 


A multimodal flexible sensor skin has been made to mimic the functionality of biological 
tactile skins [61]. Biological skins are flexible and robustness. They are capable of detecting 
multiple variables. The so called multimodal sensory skin is capable of measuring four vari- 
ables of an object in contact: surface roughness, hardness, temperature, and thermal condc- 
utivity (Figure 13.11). 

We selectively review the design of a hardness sensor that does not require knowl- 
edge of absolute contact force. The structure of the demonstrated hardness sensor is shown 
in Figure 13.12a. The device consists of two membrane contact pressure sensors, with very 
different membrane thickness. Each membrane sensors include a contact mesa, on top of 
which metal strain gauges are located for detecting membrane deformation. These two sen- 
sors are close enough that, when a contact with an object is made, they are assumed to be 
under identical contact pressure. Under a uniform contact pressure, the thin membrane de- 
forms more than the thick membrane (Figure 13.12b). 

According to clamped-clamped plate theory, the relation between the uniform pres- 
sure and maximum displacement for the thin membrane is: 


Ravand P 
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a) A sensory node incorporates 4 distinct sensors 1: reference temperature sensor, 2: thermal conductiv- 
ity sensor, 3 and 4: contact force and hardness sensors. 


Contact mesa A ; 
Contact mesa NiCr strain 


gauge 


NiCr strain 
gauge 


Measured hardness 
membrane sensor 


Reference bulk 
hardness sensor 


(a) 


Contact object 


Object and 
FIGURE 13.12 Membrane reference 
a) Cross section of deflection deflection 


hardness sensor, with À 
membrane and bulk Appie iea! 
hardness sensors, b) in n / i 
contact with an object, 
the sensors deform, 
with apparent pressures 
proportional to the con- 
tact object hardness. (b) 


Where Zmax is the peak vertical deflection in the center of the diaphragm, qpjate the 
pressure applied to the plate, b the length of the square sides, E the Young’s modulus, and i 
the plate thickness. 

The reference sensor does not use a thinned diaphragm; rather the contact mesa and 
strain gauges are positioned over the full thickness of bulk polymer sheets (Figure 13.12a). 
The relation between a uniform pressure over the area of the contact mesa and the maxi- 
mum displacement is 
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Where v is the Poisson’s ratio of the membrane, a the width of the contact mesa, and qpulk 
the pressure applied to the bulk sensor contact mesa. 

When the sensor skin is in contact with an object, changes in resistance are ob- 
served at both membrane sensors owning to piezoresistive response (Figure 13.12). The 
hardness of the object in contact is correlated to the relative difference of resistive read- 
ings from these two sensors. Calibration of the hardness sensor pair is accomplished by 
placing a number of polymer samples in contact with the sensor skin. A range of refer- 
ence samples of sorbothane and polyurethane rubber with known hardness ranging from 
10 to 80 Shore A are cut into 5 mm by 5 mm squares and pressed onto the sensor skin 
using a fixed mass. 

The fabrication process of the multimodal tactile sensor is diagramed in Figure 
13.13. A sheet of Dupont Kapton HN200 polyimide film serves as the start substrate. An 
aluminum etch mask is deposited and patterned via lift off (Figure 13.13a). The 50 um- 
thick film is etched 40 wm down in an RIE plasma etcher at 350 W under 300 mT O7 
(Figure 13.13b) to define the thin sensor diaphragms. Next, a 2 um layer of photo-defin- 
able polyimide (HD Microsystems HD4000) is spun on the top skin surface and pat- 
terned to define mesa platforms for temperature and thermal conductivity sensors 
(Figure 13.13c). Nickel thin film resistors (500 A Ni on 100 A Cr) are then deposited and 
patterned on the contact mesas. It serves as a temperature sensitive resistor. Then, 750 A 
of NiCr is deposited, and then patterned by lift off method to define the strain gauges for 
the force, curvature, and hardness sensors. A final metal layer consisting of 1500 A of Au 
on 100 A Cr is thermally evaporated and lifted off (Figure 13.13d). The final step is to 
spin on, pattern, and cure the 8 um HD4000 contact mesas for the force and hardness 
sensors (Figure 13.13e). 
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FIGURE 13.13 


Schematic diagram of device fabrication. 
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SUMMARY 


This chapter broadly reviewed various polymers that have found wide use in MEMS or have 
demonstrated significant performance and potentials. A reader should keep in mind that this is 
not an exhaustive list of polymers for MEMS—many existing and future materials are not in- 
cluded. It is my hope that this chapter serves to introduce unique designs and fabrication as- 
pects of polymer MEMS devices to readers, and lead to future interest and discoveries. 

At the end of this chapter, a reader should be able to identify major types of polymer 
materials used in MEMS technology and understand their common fabrication methods and 
processing conditions. 


PROBLEMS 


Problem 1: Fabrication 


Form a team of 3 or 4 students. Design a polymer-based accelerometer based on a principle other than 
optical sensing. Review relevant materials and processing issues pertaining to the sensing principle. Com- 
plete the design, fabrication process, and performance prediction. Summarize advantages and disadvan- 
tages over MEMS accelerometers based on other materials. (Hint: pay attention to mechanical properties 
and processing characteristics of polymer structural layers.) 


Problem 2: Review 

For Case 13.2, estimate the force constant and the resonant frequency based on known geometries and 
material properties given in the reference [34]. 

Problem 3: Design 

Calculate the thermal mechanical noise floor of the sensor of Case 13.2, for the spring with the smallest 
force constant within the design space. 

Problem 4: Fabrication 


For the fabrication processes discussed in Case 13.2, what difference would it make to the process if, in- 
stead of oxide, silicon nitride is uses to fill the DRIE trenches. Is this a better option or a worse option 
than using silicon oxide? Explain your reasoning. 


Problem 5: Design 


For Case 13.2, the sensitive axis is in the substrate plane. Develop an alternative accelerometer design, 
using similar materials as Case 13.2, but with sensitive axis perpendicular to the substrate plane. Draw de- 
tailed fabrication process. The force constant should be the same as in Case 13.2. The thickness of the 
Parylene should be no more than 10 um. 


Problem 6: Review 


For Case 13.3, consider the implications for design, materials, and fabrication process if the membrane size 
(diameter) is reduced to 1/3 the original size. Build a list of most important changes and concerns under 
each category. 


Problem 7: Challenge 


Is it feasible to make a membrane out of PDMS materials to achieve even greater sensitivity and flexibil- 
ity? Form a group of 3—4 students and develop the design and fabrication process of a pressure sensor 
with a 20-um-thick membrane made of PDMS. 
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Problem 8: Review 


For Case 13.4, derive analytical formula of longitudinal strain as a function of flow rate. Assume the flow 
rate throughout the surface of the cantilever is identical. 


Problem 9: Challenge 


For the polymer tactile sensor in Case 13.5, metal strain gauges are used but their gauge factor is rather 
limited. Polysilicon and single crystal silicon provide greater gauge factor, but they are not compatible 
with polymer substrate. Conduct research and design of a method to integrate silicon piezoresistive ele- 
ments with the polymer substrate, such that the mechanical flexibility and electronics sophistication are 
both achieved simultaneously. 


Problem 10: Challenge 


Form a group of 3 or 4 students, and find one polymer material that has potential to be used in MEMS and 
that has not been covered in this text before. Describe the chemical properties, mechanical properties, and 
other unique characteristics associated with this polymer. 


Problem 11: Challenge 


Identify one polymer material that has not been used by the MEMS community at all. Describe the chem- 
ical properties, mechanical properties, and other unique characteristics associated with this polymer. 
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CHAPTER 1 4 


Micro Fluidics Applications 


PREVIEW 


Microfluidics represents a new and interdisciplinary research area. This chapter serves as an intro- 
duction of this exciting research area to interested readers. Because materials for microfluidic 
channels, reactors, sensors, and actuators must be compatible with biochemical fluids and particles, 
this subject area challenges MEMS developers to incorporate new materials and develop practical, 
effective, and low cost solutions to sensing and actuation. In Section 14.2, I will introduce pertinent 
biological and chemistry concepts to device developers. Section 14.3 covers various methods for 
transporting fluid in a micro channel. In Section 14.4, we will review design and fabrication tech- 
nology of components under several important classes, including channels, valves, and sensors. 


MOTIVATION FOR MICROFLUIDICS 


Sophisticated chemical and biological analytical procedures, for applications such as medical 
diagnosis and environmental monitoring, have traditionally been conducted in dedicated labo- 
ratories by highly trained personnel. These protocols are performed on bench tops and in test 
tubes and beakers. This bench-top norm has limited accessibility, long turn-around time, com- 
plex logistics (e.g., sample transportation and storage), and high costs. 

Over the past decades, the integrated circuits changed the landscape of traditional elec- 
tronics. Exponential increase of performance and reduction of cost result when components 
are miniaturized, fabricated using monolithic integration methods, and connected to each other 
on a massive scale. Can we reduce the size of test tubes, beakers, and channels? Can we realize 
an integrated, low-cost system capable of performing a complex biological and chemical proto- 
col without human intervention, in a totally automated fashion? If the answers to these ques- 
tions are “yes”, then perhaps the same benefits that have been realized for the microelectronics 
industry can be applied to biology, chemistry, and medicine. 

A microfluidics system for chemical and biological diagnosis is known as a “laboratory-on- 
a-chip”, or a “micro total analysis system” (uTAS). The naming of the field reveals its inspiration 
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and motivation. The last three letters of the word “microfluidics” — “ics” —are identical to the last 
three letters of the world “microelectronics”. 

Much like microelectronics circuits revolutionized the signal processing and communica- 
tion, fluid reactions carried on in integrated, miniaturized microfluid channels and reactors 
promise major changes in practices of medical diagnosis and intervention [1], drug discovery 
[2], environmental monitoring [3], cell culture and manipulation of bioparticles [4, 5], gas han- 
dling and analysis (e.g., component separation [6-8] or heat transfer), heat exchange [9, 10], 
chemical reactors (for power and force production) [11-15], and bioterrorism defense. 

Some major benefits of using microfluid platforms to replace bench-top chemistry are: 


1. A microfluidics system reduces dead volumes associated with a chemical assay system 
with large-scale chambers and connectors. 

2. A microfluidics system reduces the amount of chemical assays and solutions required and 
thus can potentially reduce cost by saving the amount of expensive chemicals and biolog- 
ical samples used for a given analysis. 

3. A microelectroincs-style bulk fabrication will reduce the cost of sophisticated systems. 
Lithography and parallel fabrication reduces the difficulty of building sophisticated fluid 
piping and reaction networks. 


4. Microfluidics can achieve high level of multiplexity and parallel operations to increase 
the efficiency of chemical and biological discovery. 


Microscale fluid elements also find broader use beyond biological and chemical analysis. Many 
applications are being sought in areas such as optical communication [16], tactile display (e.g., 
refreshable Braille display [17]), IC chip cooling [18], [19] and fluid logics [20-22]. Microfluids 
have also been used for performing novel microfabrication and nanofabrication [23, 24]. 

This chapter introduced key and basic principles, components, and applications of mi- 
crofluidics, with emphasis on biological and chemical analysis applications. 


ESSENTIAL BIOLOGY CONCEPTS 


Microfluidic systems are used to handle and interact with biological and chemical particles and 
substances, including cells and polymers (e.g., DNA and proteins). In this section, a concise 
overview of major characteristics of essential biological and chemistry elements that pertain to 
the design, fabrication and functions of microfluidic systems are presented. 

A MEMS developer should be at least conversant about key terminologies and concepts 
of biology and chemistry. A few of these are reviewed below. Interested readers should refer to 
textbooks in the area of biology and chemistry for more details. 


Cells Cells are basic functional units of life. The function of a cell is determined by the genetic 
sequence it carries. A basic human cell stores genetic codes, reproduces such codes upon cell 
division, and manufactures protein molecules based on such codes. Cells can develop a rich 
variety of functional differentiation based on the genetic codes. 

Cells communicate with their outside environment through a highly sophisticated, com- 
pliant cell wall. The cell wall is made of a lipid bilayer lined with ion channels, tiny channels that 
allow ions (such as potassium and sodium) to pass selectively, in two ways. 
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Bacteria and viruses are special forms of cells. Bacteria, for example, do not contain cell 
nucleus. A virus, on the other hand, does not have the ability to divide and reproduce. It may 
only do so after infecting a host cell and taking over the reproduction mechanism. 

The presence and population of certain cells and genetic variation of cells are indicative 
of medical and environmental conditions. Rapid identification of cells, bacteria, and viruses is 
important for medical diagnosis, environmental monitoring, and bioterrorism prevention. For 
example, the ability to rapidly and inexpensively determine the presence of a small number of 
cancerous cells in complex biological fluids would provide a powerful new weapon for early 
detection of cancer and provide hopes of cure. 


DNA Life is only possible because each cell, upon division, transmit to the next generation the 
vital information about how it works. The substance that carries the information is a polymer 
called deoxyribonucleic acid (DNA), a large molecule with a molecular weight as high as several 
billion. The monomers that comprise the nucleic acids, called nucleotides, are composed of three 
distinct parts—a five-carbon sugar, a nitrogen-containing organic base, and a phosphoric acid 
molecule (H3PO,). Four nitrogen-containing bases are found—cytosine (C), thymine (T), 
adenine (A), and guanine (G). The cell of humans carries a total of 3 billion base pairs of 
nucleotide molecules. Segments of the DNA chain, called genes, regulate the production of 
proteins based on the specific sequence of nucleotide arrangement of the gene. The code 
transmits the intended primary structure of the protein to the construction “machine” of the cell. 

A single strand DNA molecule can bind to another single strand with a complemen- 
tary sequence (A to G, C to T). For example, a 10-mer DNA molecule with a sequence of 
AAGCCTTAGG binds strongly with another DNA molecule that contain at least the fol- 
lowing sequence, GGATTCCGAA. Two strands with slight mismatches can bind as well, but 
not as strongly as compared to a fully complementary case. Two DNA chains with mis- 
matches can be dissociated in so called stringency tests, carried out by applying electrical po- 
tential, heat, or varying the concentration of salt. 

While DNA molecules store the genetic information for production of proteins, RNA 
molecules are responsible for transmitting this information to the ribosome, where protein syn- 
thesis actually occurs. 

Synthetic DNA molecules can be made in test tubes, using automated DNA sequencing 
machines, and on a chip. As such, the role of DNA is transcending that of regulating life. DNA 
molecules have been explored as electrical conductors, mechanical binding agents, analytical 
beacons, and actuators. For example, DNA molecules can be used for recognition and 
nanoscale assembly [25] because of the unique hybridization scheme. 


Protein If DNA is the basic code of life, protein is the agent that carries out the intent of the 
code. Protein is a natural polymer. It makes up about 15% of our bodies and has molecular 
weighs that range from approximately 6000 to over 1,000,000 grams per mole. A protein molecule 
is made of a chain of a-amino acids. 20 basic types of amino acids are found in life. The order of 
amino acids in the protein is called the primary structure, conveniently indicated by using three 
letter codes for the amino acids. For example, a short protein segment (called polypeptide) with 
three amino acids lysine, alanine, and leucine is represented in short hand notation as lys-ala-leu. 

Long chain protein molecules do not maintain a straight line in nature. In fact, segments 
of protein interact with each other. A second level of structures in proteins is the spatial folding 
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of long protein molecules. The secondary structure is determined to a large extent by hydrogen 
bonding between long pairs on an oxygen atom in the carbonyl group of an amino acid with a 
hydrogen atom attached to a nitrogen atom of another amino acid. Such interactions can occur 
within a chain to form a spiral structure called a-helix, which gives proteins elasticity. 

A long protein molecule can assume many coiled shape, which determine the functions of 
the protein. Proteins derive their functionalities from primary amino sequences as well as the 
way the long molecule chain folds. 

The folded protein molecular structures can be broken down under certain conditions. 
The process of breaking down the structures is called denaturation, which occurs under heat, 
X-ray radiation, or nuclear radiation. 

One can imagine that proteins, with 20 amino acids that can be assembled in any order or 
any length, have essentially infinite possibility of primary structures. Given the varied ways pro- 
teins molecules fold, the variety of protein structures and functions become even greater. 


Lock-and-Key Biological Binding Chemistry and biology is filled with examples of lock-and- 
key protocols— highly selective, self-regulated assembly of two or more entities with recognition 
deriving from chemical bond forces and/or folded shapes of proteins. Many biological binding 
events are very specific and strong, allowing chemical recognition and mechanical construction 
of molecular conjugates. There are no engineering equivalent of such selective and automated 
selection processes given its tailor-ability, accuracy of selectivity, and prevalent use. Some of the 
most commonly exploited biological binding protocols include: 


e Binding between antibody and antigens; 
e Binding between biotin and streptavidin molecules; 
e DNA complementary binding. 


Molecular and Cellular Tags Certain cells, chemical and biological molecules, and ions, when 
present in a fluid environment, are too small and scattered to be detected easily. To report the 
location, species, binding characteristics, and the environment conditions (pH, temperature) of 
a biological cell or molecule, special tags (or beacons) are frequently used. Tags are designed to 
bind specifically to cells or molecules of interest, and allows visualization, identification, 
selection, and capturing of such cells or molecules. Tags vary in size and operational principles. 
Frequently used tags include fluorescent particles and molecules, and surface-functionalized 
beads and particles made of magnetic, metallic, or dielectric materials. 

Florescent tags play important roles in chemistry and biology today. They report actions 
and conditions at the molecule or cell level. Such tags consist of naturally occurring or engineer 
molecule structures that produce fluorescent signals upon excitation. The light intensity can be 
activated, quenched (turned off), or modulated in response to many events of interest, includ- 
ing association and dissociation of chemical bonds, temperature, pH, and proximity. Such mole- 
cular probes can be purchased commercially with a large variety of choices. 

I provide a few exemplary uses of biological tags and beads below. These examples should 
provide interested readers a starting point to explore deeper: 


e DNA and protein microarrays use fluorescent labeled dyes to report DNA and peptide 
binding events between targets and probes [26]; 
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e The detection of trace amount of metal ions in water can be conducted using specialized 
DNA molecules and reported by fluorescent molecules [27]; 

e Magnetic beads allow highly selective capturing of cells and molecules that bind to such 
beads [28, 29]; 

e Functionlized gold nanoparticles allows optical [30] and electrical [31] reporting of mole- 
cule binding events to circumvent the need of fluorescent microscopes. 


BASIC FLUID MECHANICS CONCEPTS 


The basic function of a microfluid system is the transportation and handling of fluids. This sec- 
tion aims at building basic fluid mechanical concepts and terms necessary for design tasks. In this 
section, we will distill the complex subject of fluid mechanics to a number of most vital concepts 
that are frequently used in the practice of microfluidics. Readers who wish to learn more sys- 
tematically about fluid mechanics can refer to classic textbooks on fluid mechanics such as [32]. 


The Reynolds Number and Viscosity 


The Reynolds number is one of several important dimensionless numbers in the fluid mechan- 
ics field. It is used to quantify flow and thermal transfer characteristics of fluid cases involving 
different media, length scale, and velocity. The Reynolds number of an object in a fluid media is 
defined as 


pee (14.1) 


It is proportional to the velocity (V) and the length scale (L), and inversely proportional to the 
viscosity of the fluid. 

Nearly all fluids of practical use are viscous in nature. The viscosity of a fluid characterizes 
its resistance to shear and is a measure of the fluid’s adhesive/cohesive or frictional properties. 
There are two related viscosity terms — dynamic viscosity (u) and kinematic viscosity (v). These 
two terms are related by v = p/p. 

The SI unit of the dynamic viscosity is kg/(m-s), or Pa +s. The CGS unit of the dynamic 
viscosity is Poise (1 Poise = 1 g/(cm-s) = 1 Dyne:s). The conversion factors is 1 kg/(m-s) = 
10 poise = 1000 centipoise (cP). For reference, the dynamic viscosity of water at 20°C is 
approximately 1 centipoise (cP). 

The SI and CGS units of the kinematic viscosity are m?/s and cm?/s, respectively. The CGS 
unit of the kinematic viscosity, cm/s, is also known as Stoke (St). The conversion factor be- 
tween the SI and CGS units is 1 m?/s = 10000 St = 100 centiStoke. For reference, the density 
and kinematic viscosity of water at 20°C are approximately 1 g/em? and 1 cSt, respectively. 


Example 14.1 Reynolds Number Calculation 


Find the Re associated with two cases: (1) a person swimming in a swimming pool filled with 
molasses with a kinematic viscosity of 10,000 centistokes (cSt) and (2) a 1.8 mm long tadpole 
moving in water (with kinematic viscosity of 1 cSt) at a velocity of 1 cm/s. 


482 


Chapter 14 Micro Fluidics Applications 


Solution. Assume the human swimmer has a length of 1.8 m and swims at a woeful velocity of 
0.1 m/s in the thick liquid. The Re of the human swimmer case is 
pVL 01X18 
u 100 


Re = 0.0018 


The Re associated with the case of a tadpole in water is 


pVL 0.01 x 1.8 x 1073 
= = = 0.001 
7 a 0.0018 


Re 


These two cases have identical Re! For this reason, they share certain similarity of flow char- 
acteristics. The purpose of this exercise is to show how difficult it must be for a tadpole to 
swim in water at appreciable speed even though it appears to be done elegantly and effort- 
lessly in biology. 


The Reynolds number is often used to predict the transition between laminar and turbu- 
lent flow cases. If the Re of a fluid flow is below a threshold value, the fluid is described as 
laminar flow — namely, the fluid flow can be described by layers that do not interfere with each 
other. If the Re of a fluid flow is greater than a threshold value, the fluid enters the turbulent 
flow regime. To illustrate this transition, simply turn the faucet knob at home or laboratory. 
Observe the flow of water from a faucet while turning the flow volume up (Figure 14.1). When 
the volume (and velocity) is small, liquid coming out of the faucet is stable and laminar. As the 
faucet is opened wider, the velocity of liquid flow increases. Above a certain velocity, the liquid 
becomes turbulent. 

In microfluid systems, because of the generally small scale encountered, the Re is typi- 
cally very small. It is safe to say that most microfluid systems are dominated by laminar flow 
behavior. 


FIGURE 14.1 


Graphical illustration of 
laminar and turbulent 
flow. 
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14.3.2 Methods for Fluid Movement in Channels 


Methods for moving a body of liquid on a chip in a controlled manner is perhaps the foremost 
concern when developing a microfluid system. A number of pumping methods have been 
demonstrated. The source of fluid driving force can be classified into several categories. 


e Pressure difference. Pressure differences can be generated in a number of ways (as fur- 
ther outlined in Section 13.3.3). Both positive pressure (at upstream) and negative pres- 
sure (at downstream) can be used to pump a fluid. The simplest method of creating a 
pressure head in a laboratory is to use an elevated liquid reservoir relative to the level of 
the fluid outlet. 

° The magnetohydrodynamic (MHD) effect is the flow of electrically conducting liquid in 
the presence of electrical and magnetic fields [33]. In a MHD pump, an electric field and 
a magnetic field are both applied at the same time, transverse to the fluid channel and 
perpendicular to each other. The application of electric field to a conducting liquid causes 
the fluid to move in a magnetic field. 


e The electrohydrodynamic effect uses the interaction of an electric field with electric 
charges embedded in a dielectric fluid [34-37]. The charges or charged particles can be in- 
jected directly or by adding liquid containing high density of ions. 

e Magnetorhelogical pumping involves moving plugs of ferrofluid using magnetic actua- 
tion. A ferrofluid is a liquid solution that contains a suspension of nanosized ferromag- 
netic particles [38]. 


Surface tension driven flow. Surface tension force is a relatively large force at microscale 
compared with other forces such as gravity or structural restoring forces. It can be used to 
move liquid in capillary or move liquid drops on a planar surface. For instance, the surface 
tension of liquid and substrate interface can be altered by applying electrical charges, a 
phenomenon called electrowetting [39, 40]. 


Traveling surface acoustic waves can be used to stream liquid in contact with the sub- 
strate [41]. 

e Electroosmotic effect (EO) is the motion of bulk liquid caused by the application of an 
electrical field parallel to a channel with a charged wall. See Section 13.3.3. for details. 


14.3.3 Pressure Driven Flow 


Pressure driven flow is most commonly encountered in microfluid channel flow due to simplic- 
ity and generality. High pressure can be generated on-chip using deformable membranes, 
whereas the membrane movement can be generated by a number of ways, including shape 
memory alloy thin films [42], piezoelectricity [43, 44], magnetostatics [45], thermopneumatics 
[46], thermal expansion [47], and phase change between liquid and vapor [48]. Pressure driven 
flow can also be induced by vapor generation (and bubble formation) in the channel [49, 50], by 
osmosis exchange [51], by communicating with pre-stored pressure source (upstream) [52], by 
centrifugal forces [53], or by thermal expansion of a fluid. It is also possible to use a vacuum 
downstream to induce pressure-driven flow. 

Since membrane displacement pushes fluid towards both inlet and outlet, rectification is 
needed to achieve net fluid flow in one particular direction. Single-membrane pumps generally 
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require check valves or one-way diffuser valves (called fluid diodes) [44] to ensure that the net 
fluid flow occurs in one preferential flow direction. Alternatively, multiple membranes can ex- 
ploit spatial or temporal differences among them, such as in the case of peristaltic pumping [43]. 

When selecting technologies for on-chip pumps, there are several important factors of 
consideration, including: 


e achievable flow rate; 

e simplicity of fabrication; 

e cost of fabrication; 

e simplicity of control; 

e robustness of the membrane; 

e biocompatibility of membrane and channel materials; 

e energy consumption, which is important for portable systems. 


For general cases, the volumetric flow in a micro channel is proportional to the pressure differ- 
ence at its two ends. For a pipe with a circular cross section with radius r (in m) and length L 
(also in m), the volume flow rate Q is related to the pressure according to 

4 


Tr 
AP. 14.2 


Q= 


For a pipe of rectangular cross section, with width w and height h, the relation between the vol- 
umetric flow rate and the pressure difference is described as 


kW 
=" AP (14.3) 


provided the ratio of w/h is relatively large. The ratio between the pressure difference and the 
volumetric flow rate is called the flow resistance of a channel. 

Notice that the small cross-sectional area typically associated with most microchannels 
means that a significant pressure is needed to achieve certain flow rate. Long channels may re- 
quire significant pressure build-up to drive liquid inside. Pressure build up in channels can lead 
to delamination of channels and reactors. 

When a fluid moves inside a channel under the pressure difference, the liquid particles 
next to the wall do not move with respect to the wall. The velocity of liquid molecules at the in- 
terface is said to follow the non-slip boundary condition. The velocity of fluid particles increase 
when they are further away from the wall. The velocity profile u as a function of the distance to 
the wall (y) is plotted in Figure 14.2. Outside a certain range of y, the velocity does not change 
with respect to y anymore, and reaches a constant, called the mean-stream velocity. 

The nonuniform distribution of flow velocity gives rise to the term called fluid shear 
stress, as defined by 


du 
=u 14.4 
oe (14.4) 
The accepted formulas for estimating the boundary layer thickness (6) are 
5 
ô = x (14.5) 
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under laminar flow (see page 428 of [32]) or 
0.16 
Cx 


for turbulent flow (e.g., Re, > 10°), with the term Re, being the local Reynolds number 
(Re, = wr), where x is the distance from the leading edge. 
y 


A generally accepted relationship for the distribution of fluid particle velocity under low 
Re conditions (laminar boundary layer) is 


u = fO) = u 2 >) (14.7) 


Example 14.2 Shear Stress in Engine Oil 


Suppose a SAW30 engine oil is being sheared by relative movement of two plates separated by 
a distance of h. The speed of relative movement is V. Find the shear stress in the oil when 
V = 3m/sandh = 2cm. 


Solution: First find the dynamic viscosity value by engineering look-up table, 
u = 0.29 kg/(m ° s) 
Assume the velocity distribution is linearly related to the distance y, the shear stress is 


udV uV  0.29kg/(m:s)3 m/s 
T dy h 0.02 m 


43 kg/(m+s*) = 43 N/m?. 
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14.3.4 Electrokinetic Flow 


Most channel wall surfaces spontaneously develop an electric polarization when brought into 
contact with either weak or strong electrolyte solutions. This charge generation is caused by elec- 
trochemical reactions at the liquid/solid interfaces, and in the case of glass surfaces, the main 
reaction is the deprotonation of acidic silanol groups which produces a negatively charged wall 
(Figure 14.3). Counter ions from the bulk liquid are attracted to wall and shield these wall charges. 
The high capacitance charged region of ions at the interface of liquid and wall is referred to as the 
electric double layer. The ions in the outer layer (called Gouy-Chapman layer) is mobile and forms 
a net positive region of ions that span the distance on the order of the Debye length of the solution, 
which is about 10 nm from the wall for symmetric univalent electrolytes at 1 nM concentration. 

When an electric field is applied parallel to the wall, ions on the liquid side will move in 
response to the field and drag surrounding liquid molecules with them. The ion drag causes a 
net motion of bulk liquid along the channel. This phenomenon is called the electrokinetic flow. 

The distribution of velocity across a channel width is different from that of pressure dri- 
ven flow cases. The velocity of fluid increases quickly from the no-slip boundary condition at 
the wall to a maximum value near the center of the channel. The boundary layer is very thin in 
this case. An approximation is generally made that the velocity distribution through the chan- 
nel cross section is uniform. 

Electroosmotic flow (EOF) micropumps use electrokinetic flow to transport liquids or 
generate static pressure. A capillary is packed with high-density particles that form many paral- 
lel pores through which electrokinetic flows occur. The large area-to-volume ratio causes the 
generation of high pressure. It can be used to generate pressures in excess of 20 atm and flow 
rate of several ul/min under applied voltages on the order of tens to thousands of volts [54]. 
These pumps should ideally use de-ionized water as working fluid in order to reduce the ion 
current, increase thermodynamic efficiency, and eliminated unwanted heating. Electrodes are 
generally inserted manually at opposite ends of a microfluid capillary. Alternatively, integrated 
planar electrodes can be used to increase the level of integration [55]. 

In an electroosmosis flow setup, high field can generate electrolytic reactions and pro- 
duces oxygen and hydrogen gases by dissociating HO. It is very important to make sure that 
(1) the gas generation is minimized (e.g., reducing the field strength by increasing the distance 
between electrodes), or (2) that the formed gases are successfully evacuated before they block 
the channel. One of the methods is to use tailored AC waveforms [56]. 


FIGURE 14.3 Mobile cations 
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14.3.5 Electrophoresis and Dielectrophoresis 


The electric field acting on an individual particle is useful for bioparticle transportation, separation 
and characterization. The force acting on a particle with charge Q and polarization P is defined as 


F = QF +(P-VE (14.8) 


where the first term on the right hand side is the electrophoresis force and the second term is the 
dielectrophoresis force. In an uniform electric field, the dielectrophoresis force term disappears. 
Only particles with net charges experiences the electrophoresis force. The equation is simplified to 


F=QE (14.9) 
If a particle does not carry net charges, the simplified dielectrophoresis force expression is 
F = (P -VJE (14.10) 


Four representative cases of charge particles (two small circles) and a neutral particle (big 
circle) in electric fields are diagramed in Figure 14.4. Net forces on the particle are 
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indicated by arrowed lines. A charged particle experiences forces when placed either in a 
uniform or nonuniform electric field. The neutral particle can be polarized when placed in- 
side an electric field. Neutral particles such as a cell experience net forces when subjected 
to a nonuniform electric field. However, it experiences no net forces when inside a uniform 
electric field. 

The electrophoresis is widely used for separating charged biological macromolecules 
such as DNA, proteins, and peptides according to their sizes and charges. DNA molecules 
are always negatively charged, while proteins may be positively or negatively charged. Mi- 
crofabricated electrophoresis devices with integrated chemical reaction stages have been 
fabricated [57]. 

A charged particle in a fluid environment will reach a steady state velocity in a con- 
stant, uniform electric field. Under equilibrium conditions, the electric force and the fluid 
friction balance, 

Flee = ZeE = net — charge X electricfield (14.11) 
Ferric = fivi 

The friction coefficient is a function of the sizes of gel pores, sizes of particles, and the 
strength of the electric field. 

This velocity is related to the electric field by 

es EN (14.12) 


l 


where w;is referred to as the mobility of the species. 

The capillary electrophoresis is a common format of electrophoresis analysis. In this 
method, a capillary channel is first filled with an electrophoresis gel material, specially designed 
with specific binding rates to molecules of interest (Figure 14.5). As a group of molecules trav- 
els through the gel matrix under the guidance of an electric field, a number of events could 
occur. Some would travel unhindered. Some would be captured by the matrix permanently. 
Some would be captured but later released. At the end of a CE channel, molecules that has 
started at a same location and time arrive at different time. This method allows the analysis of 
constituent molecules and their relative concentration. 

Dielectrophoresis takes advantage of the electrical polarization of cells in controlled 
nonuniform AC or DC electric fields for the characterization and separation of living cells and or- 
ganelles. DEP relies upon the attraction (or repulsion) exerted by a nonuniform electric field 
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upon neutral particles by virtue of their polarization. It is different from electrophoresis, which 
used the effect of fields upon free or excessive charges. 

The basic cause of response to a nonuniform electric fields by biological materials lies 
in the polarization effected by the applied field. The electrical polarization of cells and their 
components can be of many kinds. The polarization mechanisms are of two main types: bulk 
and interfacial (or surface connected). Each of the many possible polarization mechanisms 
generally has a characteristic frequency at which it cuts in. Studying the response of biologi- 
cal materials over a wide frequency range accordingly allows one to evaluate which particular 
mechanisms operates, and how important its contribution is. Moreover, there is apparently a 
great sensitivity of the various polarization mechanisms to the precise physiological state of 
the biological materials. It is this factor that permits one to operate separations and analysis 
of considerable sensitivity and usefulness. Over the years, DEP has been used to separate liv- 
ing and dead cells, distinguish the normalcy of blood cells, and characterize the cell aging 
process [58]. 

DEP has been applied for microfluidics devices for characterizing or for physically 
manipulating (e.g., trapping) biological cells or particles [59]. 


DESIGN AND FABRICATION OF SELECTIVE COMPONENTS 


A microfluid chip is made of many categories of components. We discuss two most important 
ones in this section, namely channels and valves. Other component categories include heaters, 
mixers, fluid reactors, and reservoirs. The design and fabrication methods for these elements 
must be compatible with those of channels and valves. 


Channels 


Microfluid channels are the most important components in a microfluid system, despite its rel- 
atively simple form and function compared with others (such as pumps, valves). The selection 
of the channel material is the starting point for any development efforts of microfluidic sys- 
tems. There are several important aspects that must be taken into consideration when selecting 
channel materials and subsequent fabrication methods. These include: 


1. Hydrophobicity of the channel wall. Liquid moves freely in channels with hydrophilic 
walls by capillary action, simplifying sample loading and priming. Glass, for example, is 
hydrophilic to many liquids and its properties are well known. Introducing liquid into 
channels with hydrophobic walls is considerably more difficult. 

2. Biocompatibility and chemical compatibility. Ideally, the channel wall should not react 
with the fluid, particles or gases within. Glass, the material for beakers and test tubes, is 
perhaps the most established biocompatible material and is well liked by researchers in 
the biological and chemistry community. However, there is a lack of micromachining 
methods for glass. 

3. Permeability of channel material to air and liquid. High permeability will cause excessive loss 
of fluid or, in the case multiple channels are placed close to each other, cross-contamination. 
Permeability of air or gas is often taken advantage of for air escape and removing trapped air 
bubbles. 
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4. Retention of chemicals on walls. Walls that retain chemicals may cause cross-contamina- 
tion during repeated use. 


5. Optical transparency. Optically transparent walls facilitate observation and quantitative 
assay analysis. 


6. Temperature of the processing. Low temperature processing is always desirable. High-tem- 
perature processes would narrow the choice of structural and surface coating materials. 


7. Functional complexity and development cost. The materials for channels should be 
amendable to integration of active components such as pumps and valves. The barrier to 
prototyping and manufacturing should be low. 


The materials often dictate the fabrication method and performance specifications. Material 
selection plays an important role of determining the channel geometries achievable. Materials 
and technologies for other components, such as pumps and valves, must be compatible with the 
channel wall material and fabrication process. 

Research work in microfluidics started in two distinct research communities: the MEMS 
community and the analytical chemistry community. These two communities used different sets 
of materials. 

In the early days of microfluid systems development and applications, the channels were 
often made of inorganic materials commonly found in MEMS studies, such as silicon, silicon 
dioxide, silicon nitride, polycrystalline silicon [60], or metal [61]. The fabrication processes in- 
clude bulk etching (wet or dry etching), sacrificial etching, wafer-to-wafer bonding, or any com- 
bination of these steps. A few representative fabrication methods are illustrated Figure 14.6, for 
making channels of various cross-sectional shapes. 

In the analytical chemistry community, researchers developed channel fabrication 
processes based on familiar materials (glass) and simply fabrication (wafer bonding). 

There are many problems associated with silicon-based microfluid devices despite its 
ability to generate sophisticated channel cross sections. Silicon, for example, is not an optically 
transparent material. Special fluid imaging and tracking methods have to be developed. The sil- 
icon microfabrication is not accessible by chemists and biologists and often proves to be very 
expensive and inaccessible for rapid prototyping. 

Glass chips are ideal in terms of surface chemistry, optical transparency, and relative ease 
of construction. Successful commercial products have been launched based on glass chips, such 
as electrophoresis chip made by Agilent and Caliper Technologies. However, it remains difficult 
to incorporate advanced pumps, valves, and sensors into all-glass microfluid chips. Glass chips 
are often encapsulated permanently, making it difficult to functionlize the interior surfaces of 
channel walls. 

Materials for channels have evolved rapidly in the past few years. Today, microfluid 
channels are commonly made out of the following materials, belonging to two categories— 
organic and inorganic materials. Representative materials under each category are summa- 
rized below: 


e Organic polymers: Parylene, polydimethylsiloxane, acrylics, polycarbonate, biodegradable 
polymer, polyimide 

e Inorganic materials: glass (Pyrex, specialty glasses), silicon, silicon dioxide, silicon nitride, 
polysilicon. 
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Representative fabrication processes of channels on silicon substrates. 


In Table 14.1, I compare the relative merits of several representative material systems for 
microfluid channels according to the criteria presented earlier: 

A few examples of early work on microfluid channels for various applications are presented 
in the following cases. Glass microfluid channels are discussed in Case 14.1 and Case 14.2. In Case 
14.3, we review a silicon micro channel integrated with a neural probe. Cases 14.4 and 14.5 deal 
with channels made of polymers— silicon elastomer in Case 14.4 and Parylene in Case 14.5. 
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TABLE 14.1 Comparison of methods for making channels. 
Glass-glass Silicon micro- Parylene surface 
bonding machining PDMS bonding Plastic bonding micromachining 
Hydro-phobicity Hydrophilic Variable—treatable Hydrophobic, may Variable— (treatable Hydrophobic 
with coating (e.g., become hybrophilic. with surface 
oxide) Unreliable. treatment) 
Biocompatibility Excellent Acceptable Excellent Excellent Moderate 
Wall permeability None None High—for organic Moderate Low 
solvents and gas 
molecules 

Retention of Low Low High (if without Moderate Not known 

chemicals special coating) 
Optical Excellent None Excellent Good Good (if on 

transparency transparent 

substrate) 

Temperature of High (for High Low Moderate Low 

processing fusion 

bonding) 

Functional Moderate High Low Moderate Moderate to high 

complexity 

and cost 


C 


Case 14.1 Gas Chromatography Channels 


Chromatography involves a sample (or sample extract) being dissolved in a mobile phase 
(which may be a gas, a liquid or a supercritical fluid). The mobile phase is then forced 
through an immobile, immiscible stationary phase. The phases are chosen such that compo- 
nents of the sample have differing solubilities in each phase. A component which is quite 
soluble in the stationary phase will take longer to travel through it than a component which 
is not very soluble in the stationary phase but very soluble in the mobile phase. As a result 
of these differences in mobilities, sample components will become separated from each 
other as they travel through the stationary phase. 

The time between sample injection and an analyte peak reaching a detector at the 
end of the column is termed the retention time (tg). Each analyte in a sample will have a 
different retention time. The time taken for the mobile phase itself to pass through the col- 
umn is called ty. 

In 1975, a group of researchers at Stanford University unveiled an integrated gas 
chromatographer (GC) made from glass wafers [6] (Figure 14.7). The gas chromatographer 
device separate components within a gas mixture and analyze relative concentrations of 
gas species. Gas separation channels have semicircular cross sections, 200 um across and 
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Schematic diagram of an integrated gas chromatography system. 


40 um deep. On a 4"-dimater (100 mm) wafer, channels as long as 1.5 m were realized. The 
channel walls were made of glass. 

The system is used for chemical trace analysis of pollutants and toxic elements in the 
environment. Instead of packing a channel with solid phase materials, the wall of the chan- 
nel serves as the absorption element. Under a same pressure gradient applied between the 
inlet and the outlet, difference gas molecules exhibit different tp. Gas species that have 
started at the same location and time would arrive at the exit at different time. 

With the advancement of microfabrication technology, the GC chip can be further 
miniaturized. Long GC columns can be packed with higher efficiency using three-dimensional 
channels fabricated in silicon, glass, or polymer materials [8, 62, 63]. 


Case 14.2 Electrophoresis in Microchannels 


Electrophoresis separation of multiple species in a liquid sample is a powerful technique 
for assaying or purification. According to our earlier discussions about electrophoresis, dif- 
ferent species travel at different speed under a given electric field. In order to maximize the 
efficiency of electrophoresis separation, those species should begin within close vicinity of 
each other, rather than being spread out over a long sample plug. 
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EP separation with precision defined plug sizes can be achieved using double-T type 
injectors. A glass microchip for electroseparation of biological molecules has been devel- 
oped [64]. The system consists of two T-shaped junctions connected to four ports—buffer, 
analyte, waste and analyte waste (Figure 14.8). The operation principle of a double-T injec- 
tor is explained below and diagramed in Figure 14.9. 

First, a buffer solution is injected between the buffer and waste ports. An analyte is 
then injected between the analyte and analyte waste ports. A analyte plug with precision 
volume is formed between the two T junctions. A EP potential is applied between the 
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Operational principle of electroseparation chip. 
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buffer and the waste ports, causing the analyte plug to move along the EP column towards 
the waste port. Different species within the plug of analyte are detected at end of the sepa- 
ration column. 

There are many designs and fabrication methods to implement this EP separation 
system. One of the simplest, and earliest demonstration, is discussed below (Figure 14.10). 
It begins with a glass wafer, a material that is no different from conventional EP separation 
columns. A Cr thin film is deposited over the glass, and photolithographically patterned 
(step b). The patterns in the Cr are used to define the position and size of channels. Glass is 
etched in regions not covered by Cr using a solution containing HF and NH4F to a desired 
depth (step c). The Cr mask is removed (step d). Another glass chip is positioned on top of 
the glass substrate and permanently bonded. The channel is therefore made of glass en- 
tirely. Metal electrodes are inserted into ports externally. 

Glass is electrochemically preferred because of hydrophilic surfaces and familiarity. 
Many other incarnations of the same system can be made using a variety of other materials 
and construction methods. EP channels made of other materials, such as PDMS, may need 
to be chemically modified to provide desired functionalities over long periods of time. 


Case 14.3 Neuron Probes with Channels 


Neural physiology is one of the grandest scientific and medical quests of the mankind. 
Understanding of neurological physiology will lead to prevention and curing of many de- 
bilitating illnesses that severely affect the quality of life, such as Alzheimers’ disease and 
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Parkinson’s disease. In order to study neurological signal processing, which is conducted in 
complex three-dimensional tissues with myriads of connections, advanced engineering 
tools for imaging, recording, and affecting neurological behaviors are needed. One of such 
tools is micromachined neurological recording probe, which can be made with small size 
and high density for minimizing unintended damages and extracting rich data. 

An early pioneering work in the area of microfabricated neuron recording probes 
was conducted by Prof. K.D. Wise at the University of Michigan. His research group has de- 
veloped many enabling engineering capabilities, among them are: 


e Linear array and two-dimensional array of silicon-based neuron recording probes. 
e Recording probes with multiple recording and accompanying stimulating sites. 


e Recording probes that allow chemicals to be send to and collected from neurological 
tissues in conjunction with recording and electrical stimulation events. 


e Integrated BiCMOS circuits for locally amplifying and conditioning to preserve sig- 
nal integrity. 


Here we discuss a representative work by Wise’s group that incorporates microfluid chan- 
nels in micromachined neural probes [65]. Such probes are used for injecting solutions. The 
probe must be sufficiently stiff to penetrate neural tissues. In this case, it is made of single 
crystal silicon. We focus on the fabrication process of the silicon channel. Because the chan- 
nel is long, it is impractical to use embedded sacrificial layers and later remove it. The lat- 
eral undercut of the channel would take a very long time. Also due to the length of the 
channel, the cross section of the channel need to be relatively large in order to produce suf- 
ficient flow of chemical solutions under moderate-to-low pressure differences (to avoid 
harming biological tissues). It is difficult to use deposited sacrificial-layer material to real- 
ize large cross section because the deposition process would take a long time. 

The fabrication process requires only one mask. The process starts with a <100>- 
oriented silicon wafer (Figure 14.11). The front surface is doped to form a 3-um-thick re- 
gion with high concentration (part b). The concentration is sufficiently high to effectively 
reduce the etch rate in anisotropic silicon etching solutions such as EDP. The front surface 
of silicon wafer is etched using reactive ion etching, which does not discriminate against sil- 
icon material of different doping concentrations (part c). The intended channel region is 
opened through this layer in the form of a chevron pattern, as shown in Figure 14.11d. 
Anisotropic silicon etching is performed to undercut materials underneath the doped re- 
gions. The etching profile underneath the Chevron-shaped mask is shown in Figure 14.12. 
Significant undercut can be achieved to produce channels with relatively large cross- 
sectional areas. 

A deep boron diffusion is performed to define the probe shank (Figure 14.11e). The 
entire inner surface of the channel reaches a concentration necessary to produce etch 
stop effects. The channel is sealed using thermal oxidation and LPCVD deposited di- 
electrics. After the depositing and patterning of electrodes and dielectric shields, the sili- 
con wafer is then dissolved in anisotropic etching solutions, which selectively remove 
bulk silicon with only background concentrations, leaving silicon shanks freestanding 
(Figure 14.11g). 
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An alternative process for realizing buried and sealed channels with large cross 
section is to use porous materials such as porous silicon [66]. Porous materials with mi- 
croscopic pores allows the underlying substrate to be etched and, because the continu- 
ous membrane is largely filled with small pores (up to 75% porosity), it can be 
hermetically sealed very easily by small amount of deposition [67] of thermal oxide or 
LPCVD materials. 
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FIGURE 14.12 


Evolution of etching. 


x 
Cc Case 14.4 PDMS Microfluid Channels 


Channels made of polydimethylsiloxane (PDMS) is very popular because of the easy ac- 
cessibility of material, rapid fabrication, and many desirable performance aspects of the 
material. The PDMS material can be obtained in viscous liquid precursor form from many 
vendors under various trade names, such as Sylgard Silicone Elastomer from Dow Corning 
and RTV silicone from GE Silicones. The most commonly used PDMS materials are Sylgard 
184 (Dow Corning) and RTV 615 (GE Silicones). 

The precursor materials consist of two parts, the base and curing agent. The two parts 
are mixed and then cured under room temperature, in vacuum, or under elevated temper- 
atures (rapid cure), with recommended mixing ratio, resulting in a thermoset, transparent 
elastomeric solid. The Sylgard 184 silicone elastomer, for example, may be cured under one 
of the following recommended conditions —24 hours at 23°C, 4 hours at 65°C, 1 hour at 
100°C or 15 minutes at 150°C. 

The PDMS is a relatively porous material, allowing liquid and molecules to diffuse at 
slow rate. Gas can diffuse through the material as well. As-cured PDMS is generally hy- 
drophobic. The surface can be turned into hydrophilic by exposing it to oxygen plasma, by 
treating with chemicals (e.g., HCl solution), or by coating with organic polymers. In many 
cases, the surface will return to hydrophobic state within half an hour to a few hours. 
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FIGURE 14.13 
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To realize precision three-dimensional features, the uncured precursor can be poured 
over surfaces with three-dimensional patterned features (Figure 14.13), made by a variety 
of means (including bulking etching, photoresist patterning, etc) (steps a and b). Once the 
elastomeric material is removed, the surface features translate into recessed or raised re- 
gions (step c). The PDMS material can then be bonded to another piece of substrate to 
form an enclosed channel (step d). The matching substrate can be silicon, glass, polyimide 
sheet, or even another piece of PDMS. In most cases the bonding is reversible, in other 
words, the two pieces can be debonded manually and closed again. In the case that two 
pieces of PDMS materials are bonded, the bonding can become quite strong (permanent) 
if the surfaces are treated by exposure to oxygen plasma. It is also possible to integrated 
more than 2 layers and form three-dimensional microfluid circuits with complex channel 
geometries in three dimensions [68]. 

Inlet and outlet access holes can be drilled in the elastomer by punching tools. It is also 
possible to pour PDMS precursor around three-dimensional structures (e.g., a bent metal 
wire) [69]. The metal wire can be mechanically removed or electrochemically etched to 
leave three-dimensional channels or inlet-outlet ports in the PDMS solid after curing [70]. 

The PDMS material exhibits volume shrinking in all directions after it is removed 
from the mold. The dimensional change resulting from shrinking is influenced by the mate- 
rial, by the amount of materials poured, and by the curing method. This must be carefully 
calibrated for each use. 
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Surface micromachined channels have been made using photoresist as the sacrificial layer and 
chemical vapor deposited Parylene thin film as the structural layer. The use of the Paralene- 
photoresist systems replaces the high temperature LPCVD polysilicon/oxide system [71]. 

A representative fabrication process for realizing Parylene channels, monolithically 
connected to fluid inlet/outlet ports in silicon substrate is shown in Figure 14.14. The 
process starts with a <100> oriented silicon wafer (step a), which is coated with a thin 
layer of silicon dioxide. The oxide on the backside is photolithographically patterned, and 
used as a mask for anisotropic silicon etching (step b). A layer of photoresist is spin coated 
and patterned (step c). The front side of the wafer is then coated with a layer of Parylene 
thin film (step d). A layer of polyimide is spin coated and patterned to mechanically en- 
hance the stiffness of the channel to prevent collapsing (step e). The remaining silicon in 
the etched backside holes are removed until the silicon dioxide on the front side is reached 
(step f). This can be accomplished through anisotropic wet etching or plasma etching. The 
oxide at the bottom of the cavity is then removed in a hydrofluoric acid bath (step g). The 
photoresist sacrificial material is removed using acetone to create open channels through 
the now-open inlet and outlet ports (step h). 

Many components have been incorporated in such a system, these include: 


e One-time valve [72]; 
e On-chip thermal pneumatic source [47]; 
e Electroosmosis pumps [56]. 
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14.4.2 Valves 


Valves are important elements in a microfluid system. They provide complex system-level func- 
tionalities to a laboratory-on-a-chip system. The following factors are generally considered 
when selecting or developing a micromachined valve: 


e The reliability of valve operation. Ideally, a valve should be leak free during off state and 
open during on state. 


e The repeatability of valve operation. 

e The ability to withstand large pressure. 

e The simplicity of valve construction. 

e The simplicity of valve operation and control. 

e Biocompatibility with the fluid and biological particles. 


Valves can be classified according to the mode of operations into several categories: 


e Cyclic valves can be operated multiple times. They can be constant on, meaning the valve 
holds its open position without active input of power, or constant off, meaning the valve 
maintains sealed position without active power. 

e One-time valves are operated only once during the life of operation. Constant-on valves 
will seal off a channel permanently when activated. Constant-off valves will open once it 
is activated, for applications such as collection of environmental samples. 


Since the valve is critical for the performance of a microfluid system and for enabling miniatur- 
ization, many valve designs have been developed in the past. Generally, valve structures fall 
into the following categories: 


e Hard-membrane valves 
e Soft-membrane valves 
e Plug valves 

e Threshold valves 


Hard membrane valves use membranes of one of the the following materials: single-crystal 
silicon, polycrystalline silicon [73], LPCVD silicon nitride, piezoelectric thin films, metal thin 
films, or non-elastomeric organic polymers (such as Parylene, polycarbonate). Hard mem- 
brane valves can be operated by a variety of principles, the most common ones being based 
on piezoelectric [74], electrostatic [73, 75, 76], electromagnetic [1, 77], thermal bimetallic, 
pneumatic [17, 20], and thermal pneumatic [78, 79] actuators. Valves can be based on hybrid 
combination of principles. For example, a pneumatic valve may use electrostatic force for 
holding closed-gap positions [17]. Hard membranes generally cannot provide good seal in the 
off state, especially for regulating valves. 

Soft membrane valves uses valves made of elastomers such as PDMS [80]. The opera- 
tion principles of elastomeric membranes are limited compared with those of hard 
membranes. Since the membrane is soft, it is difficult to integrate elements such as elec- 
trodes. However, soft membrane seal very well and is the material of choice for conven- 
tional valves. 
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Plug valves can be based on a variety of principles. For example, valves can be developed 


by exploiting the large swelling and shrinking capability of ionic hydrogels in response to chemical 
concentrations, pH, temperature, and electric field [81-84], or by congregating magnetic or 
chemically modified particles. 


Threshold valves changes its on/off state depending on the pressure or flow rate. 


Threshold valves often leverages surface tension principles. Burst valve is a special kind of 
threshold valve—its state changes from closed to open when the pressure at its head reaches 
a certain level. 


( XV 
€ = Case 14.6 PDMS Pneumatic Valves 


Soft membrane valves using elastomeric (rubber) polymers is almost exclusively used in 
macroscopic valves and pumps. The advantage of soft membrane valves is good seal 
against liquid or air in the off state. However, soft membrane valves are more challeng- 
ing from the design and fabrication point of view, as soft membranes and perhaps 
matching seats must be integrated into a micro system. PDMS is a commonly used soft 
membrane material because of its relatively simple processing and desirable softness. 
Large deformation (50-150 wm) has been reached on a membrane (1 X 1 to 2 X 2 mm?) 
under pressure input of approximately 100 mW for various working fluids, including 
air [79]. 

One representative method for making functional valves using external pneumatic 
control is discussed here [85, 86]. The valve involves two layers of PDMS thin film 
(Figure 14.15). Both the first and second layers follow the PDMS molding method dis- 
cussed in the previous case. For the first layer, the thickness of the PDMS is kept as small 
as possible; hence, the ceiling directly above a channel is very thin (Figure 14.15c). The 
PDMS precursor is allowed to settle and planarize before being cured. 

The second layer consists of pneumatic control lines (Figure 14.15d). The first and 
second layers are bonded together with channels crossing each other. Oxygen plasma treat- 
ment can make the two layers bond permanently. The two-piece PDMS assembly is then 
bonded to a substrate. The channel formed in the first-layer PDMS is used to transport liq- 
uid, whereas channels in the second-layer PDMS is used to convey pressure, either by gas 
or liquid. 

Pressure applied in second-layer channels pushes the PDMS membrane down, seal- 
ing the channel underneath. 

This method can be used to construct micro pumps. One possible configuration is 
shown in Figure 14.16. The channel in the first layer crosses the pressure lines above it 
in three interaction areas, forming three well-defined PDMS membranes. Three pres- 
sure lines working in a peristaltic fashion will push liquid continuously, in two possible 
directions. 
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Pneumatic controlled PDMS valve. 
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SUMMARY 


At the end of this chapter, a reader should understand the following concepts and facts, and be 
able to perform the following analysis: 

e Basic designs, materials, and microfabrication processes for micro channels. 

e Relative simplicity and flexibility of microfabrication of micro channels. 

e Major methods for pumping fluid in microfluid channels and their principles. 


e Analysis of flow resistance associated with a segment of microfluid channel under pres- 
sure driven flow conditions. 


e Basic designs of practical micro valves. 
e The basic principles of electrophoresis and dielectrophoresis. 


e Design of silicone elastomer microfluid channels and integrated valves. 


PROBLEMS 
Problem 1: Design 


For a microfluid channel with a length of 1 mm, and a square cross-sectional area of 20 wm”, find the vol- 
umetric flow and average flow speed if one end of the channel is subjected to a water column that is 5 m 
tall. The other end is connected to atmosphere pressure. 


Problem 2: Fabrication 


Identify three practical methods of forming the channel with dimensions discussed in Problem 1, if the 
height of the channel is 4 um. Part of the channel must be transparent in the visible spectrum for optical 
observation. Sacrificial etching is generally not practical due to large channel length. 


Problem 3: Design 
Find the Reynolds number of the flow situation of Problem 1 if the width of the channel is 5 um. 


Problems 505 


Problem 4: Review 


Find a method to make an array of fluid channels with the length of 1-10 um and the size of the channel 
cross section being 10 nm exactly. The cross section of the channel should be a circle or a square. Discuss 
the method of patterning. Pay attention to practicality, efficiency, and accuracy. 


Problem 5: Design 


A segment of a microfluid channel is 10 mm long, with a rectangular cross section of 30 um wide and 1 um tall. 
What is the required pressure to achieve a volumetric flow rate of 10 nl/min for water at room temperature? 


Problem 6: Review 


Draw detailed fabrication process for the gas chromatography chip of Case 14.1. Justify the choice of 
masking layer. 


Problem 7: Fabrication 


Draw detailed fabrication process of neuron probes with integrated fluid transport channels according to [87]. 
Draw the process at a representative cross section along the probe. Discuss the etching selectivity in each step. 


Problem 8: Design 


The PDMS pneumatic valve discussed in Case 14.6 utilizes a thin elastomer membrane with a certain area 
defined by the crossing of the fluid and control lines. It forms reliable seals due to the contact of PDMS 
surfaces. Discuss at least three strategies for reducing the threshold voltage necessary to close the valve. 
For each strategy, discuss the effect on fabrication process. 


Problem 9: Fabrication 


Design a complete fabrication process for making a Parylene cantilever probe with integrated fluid deliv- 
ery channel. The channel is opened at the free end of the cantilever. The probe consists of a bulk silicon 
micromachined handle. The handle further consists of an etched cavity that fluidically communicates with 
the integrated channel. The cavity serves as a fluid reservoir and inlet. Note the sidewall of the cavity and 
the handle can be sloped or vertical. The drawing shows a case with vertical walls. Detailed lithography 
steps can be ignored in the drawing. The process drawing should illustrate progression for both the chan- 
nel and the handle pieces. 
Clearly label all layers of materials used in the process. 
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silicon handle 
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Problem 10: Challenge 


Develop a micro valve with a footprint of no more than 1 mm?, that can be controlled by electricity. The 
valve should be able to completely stop a liquid flow with a back pressure of 30 kPa. The valve must be op- 
erated with a voltage of less than 100 V. The smaller the footprint and the electric voltage, the better. The 
leakrate of the valve should be zero. No out-of-chip pneumatic sources should be used. The valve must be 
able to be repeatably operated. 
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CHAPTER 15 


Case Studies of Selected 
MEMS Products 


PREVIEW 


In this chapter, we will review the design, fabrication process, integration techniques, and per- 
formance of a number of MEMS devices. Though case studies have been included in earlier 
chapters, many of the cases were selected from academic publications rather than commercial 
products. Those earlier case studies point to rich ideas and design concepts. However, discus- 
sions were limited in these earlier chapters. One reason for that lies in the fact that these cases 
appeared in Chapters 4-9, before proper introduction about bulk and micromachining tech- 
nologies were made in Chapters 10-12. 

Each sensor class faces unique challenges. The blood pressure sensor is perhaps the sim- 
plest in terms of the complexity of mechanical and electrical elements. However, it is a medical 
product and therefore faces stringent rules governing the medical and health industry. The 
microphone is a variation of the pressure sensor—though it is quite a lot more complex. The 
market is filled with existing products. For MEMS microphone to capture market momentum 
and share is remarkable. Accelerometers are arguably high-end products to which MEMS 
technology enjoy competitive advantage. However, the technology and design for successful 
accelerometer is highly complex. Competition is strong as there are many alternative designs. 
Gyros are perhaps the most complex products in terms of technology and design. It requires 
vacuum encapsulation, sophisticated electronics (for control and minimizing crosstalk), and 
high immunity to environment factors. Nonetheless, the device has reached a tremendous level 
of accomplishment—three axis gyros is available in packages no more than a few mm? for 
lower than $1 each, with the production volume on the order of hundreds of millions annually 
from the leaders. 

Iselected representative products that have already been commercialized, since these prod- 
ucts are carefully designed to navigate the delicate balance of design, materials, and fabrication, 
and business sense. Industrial sensors must satisfy specifications of price and performance, and 
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must be able to compete with other technologies and companies (existing and upcoming). As 
such, there are enormous amount of design discipline and ingenuity displayed in such devices. 
However, it should be noted that commercial companies are not likely to reveal full tech- 
nical details of their design and processes in open literature. Information about many good cases 
is not in the public domain. Some details of processing may have to be omitted in the discussion. 


CASE STUDIES: BLOOD PRESSURE (BP) SENSOR 
Background and History 


Invasive arterial blood pressure sensing is an important medical procedure. It involves direct 
measurement of arterial pressure by placing a cannula needle in an artery (Figure 15.1). The 
cannula is connected to an electronic pressure transducer through a sterile, fluid-filled channel. 
Many people are familiar with the cuff-based, noninvasive BP measurement used in clinics and 
hospitals. It is convenient but can only be used intermittently. The accuracy is often question- 
able. The advantage of using this invasive method, rather than the noninvasive BP sensor, is 
that the pressure in the arterial line can be monitored beat by beat in real time with high accu- 
racy. The technology is important for intensive care, operating room, and anesthesiology [1]. 

Prior to the use of silicon MEMS pressure sensors, blood pressure is measured with 
expensive and contamination-prone transducers that bears high costs ($50 in 1982). These de- 
vices, based on silicon-beam technology, are fragile and easy to damage. The sensor can be 
made to contact patients’ blood. Since the cost is high, each sensor must be cleaned and reused 
after each use. This requires sterilization, which is susceptible to contamination and contributes 
to increased hospital costs. 

Silicon MEMS technology opens the opportunity for low-cost, disposable blood pressure 
sensor. The first disposable blood pressure sensors were introduced into the United States in 
1992. In that year, approximately 40,000 units were sold. In 1993, that market grew to about 17 
million units/year. The MEMS technology helped hospitals reduce medical risks. Hospitals can 
save costs by reducing the unit price paid for each sensor from $50 to $8. The actual price of a 
module is likely well below $2. 
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Today, blood pressure monitoring devices that are implantable, wireless networked, or 
self-powered are being developed actively [2]. Technologies have taken tremendous stride with 
the advancement of new processing technologies (DRIE), new wafer sizes, and perhaps many 
new innovations on the manufacturing floor. Omron Electronics Components, for example, 
provided capacitive pressure sensor in 2001, with die size of 2.2 X 1.7mm ona 5” wafer. With 
DRIE dry etching, they have switched to 8” wafer with 1.3 X 1.3 mm die size. 


Device Design Considerations 


The general principle of pressure sensor design would involve a membrane and a means of 
measuring the membrane displacement. How does one design a blood pressure sensor that has 
high performance and low cost? There are a variety of sensing principles, including piezoresis- 
tive sensing and electrostatic sensing. The device could be bulk or surface micromachined. Fur- 
ther, there are more options in terms of materials. For example, piezoresistive sensing can be 
accomplished with doped bulk silicon resistors or polycrystalline silicon resistors. 

Let us look at the challenges faced by the earlier pioneers. Medical sensors are highly reg- 
ulated products and must meet strict standards of performance, accuracy, and safety. Many of 
the technical and performance standards are suggested and set by the Association for Ad- 
vancements in Medical Instrumentation (AAMI). For example, the temperature error must 
be lower than 0.3 mmHg/°C. (An average human’s blood pressure varies within the range of 
120 mmHg systolic to 80 mmHg diastolic). The sensor must be highly accurate—which means 
that the device performance must be extremely repeatable and well calibrated. Only highly 
controlled and highly repeatable process can be used. 

Since the device is operated in a highly conductive media (blood and tissue), electrostatic 
sensing is perhaps not a good choice as it is subjected to fluctuation of electropotentials. The 
device is also used in clinics and operating rooms, which means that electromagnetic noise 
background is likely to be very high. Piezoresistive sensors perhaps have better immunity com- 
pared with capacitive sensing. Although complex shielding and packaging schemes can be used 
to reduce such electromagnetic noise, this would likely add to the overall cost. 

What is the right size of the membrane? In some cases, the sensors need to be small 
enough so that they can be placed on catheters. By making the sensor die smaller, it is possible 
to yield more dies from a given wafer. However, there are factors against overly aggressive scal- 
ing down, since the size of the membrane is tied to the size of the die. The sensitivity may drop 
due to scaling and the degree of difficulty for handling and packaging such sensors increases. 

What is the right thickness of the membrane? According to the formula on membrane 
displacement, the maximum center displacement generated under a differential pressure is in- 
versely proportional to the thickness of the membrane to the third power, and proportional 
to the dimensions of the membrane to the fourth power. As such, reducing the thickness and 
increasing the size of the membrane would increase sensitivity. 

However, there are at least three problems if the membrane is very thin. (1) Recall from 
the discussion of piezoresistive sensors that the thickness of the dopant region should be less 
than half of the thickness of the membrane. If the membrane is very thin, the difficulty of con- 
trolling the dopant thickness may be increased. (2) Reducing the thickness and increasing the 
sizes makes the membrane fragile and difficult to handle. (3) Further, to reduce the thickness 
and increase the membrane sizes at the same time certainly means the resonant frequency of 
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the sensor will be lowered. This would lower the bandwidth of the sensor and may detrimen- 
tally affect the usefulness of medical data. 


15.1.3 Commercial Case: NovaSensor BP Sensor 


NovaSensor was successful in developing a classic pressure sensor for this application, even 
with relatively crude technology from today’s perspective. Direct integration of circuits is rela- 
tively difficult at that time, especially for volume production. Capacitive sensing and circuit in- 
terfaces were not well understood in the 1980s. Surface micromaching technology was at its 
infancy and unlikely to be an option then. Hence the NovaSensor design team selected a 
piezoresistive membrane design, formed by bulk micromachining. The displacement of the 
membrane is measured by using doped piezoresistors. 

The basic design was shown in Figure 15.2. Two wafers, one with a membrane and one 
with a backside pressure port, are bonded together. The membrane, made of n-type material, 
hosts p-type doped piezoresistors. Sensors are strategically located on stress concentration 
points to heighten the sensitivity. The inverse slanting of the silicon cavity means that the die 
size must be greater than the membrane dimensions. 

The major design variables include: 


1. die size; 
2. membrane size; 
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Schematic diagram of a commercial blood pressure sensor. 
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. membrane thickness; 


3 

4. resistor thickness; 

5. resistor doping level; and 
6 


. resistor dimensions. 


The sensor die is designed to be 2.05 by 2.05 mm”, yielding approximately 1500 sensors 
from a 4” dia. 

Piezoresistors are located in the center of membrane edges (Figure 15.3). The location of 
these piezoresistors corresponds to regions of maximum tensile stress when the diaphragm is 
bent by uniformly applied pressure difference across the diaphragm. 

The membrane must be stress free in order to prevent unintentionally changing the 
device performance characteristics. The only possible material is single crystal silicon. 

The processing method must guarantee uniform thickness across the wafer and repeata- 
bility across wafers. Timed etch is impossible. The NovaSensor device used electrical etch stop 
layers. 

The thickness of the doped region must be smaller than 4 of the membrane thickness, 
to allow maximal sensitivity of the piezoresistors. In order to dope such resistors uniformly 
and in a controlled way, the NovaSensor device used ion implantation, rather than impurity 
diffusion. 

The nominal resistance value and dimensions of the resistors are important, since it de- 
termines the electric current flow, power consumption, and noise. The greater the resistance 
values, the lower the current and power. However, large resistances tend to produce greater 
thermal noises. 

Even though the volume of the product was relatively low at that time, the NovaSensor 
team likely cannot succeed if all sensor packaging must be done manually and laboriously. 
Sensors must be compatible with batch mode manufacturing. Given the fact the dies are 
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extremely small. The NovaSensors team developed a simple packaging scheme allowing the 
dies to be directly dropped into package sockets and form electrical connection in self- 
aligned manner. 


CASE STUDIES: MICROPHONE 
Background and History 


A microphone is a low-cost component of many consumer electronics products, including cell 
phones, computers, and game consoles. The microphone market is a great study for MEMS 
technology and commercialization, since there are strong established products that are com- 
petitive, even in terms of size and price. The successful creation of a mass market MEMS mi- 
crophone is evidence of exceptional technical, processing, and market sawvy. 

On paper, MEMS technology is a perfect solution for low-cost, high-performance micro- 
phones, since: 


1. The scaling law is favorable, meaning the dimensions of MEMS microphones generally 
match that of the wavelength of sound wave; 


2. MEMS devices can realize small form factor to fit into ever shrinking sizes of personal 
portable electronics; 


3. The large volume mass market means that MEMS can be competitive on costs; 


4. MEMS microphones can perform sophisticated electronics functions, such as digitization, 
beam forming, and noise cancellation. 


Microphone is an established area. Small sized microphones have been developed for consumer 
products such as hearing aids. Not surprisingly, there are many existing products in the micro- 
phone category. Electret condenser microphones (ECM), based on electret material (a polymer 
that holds permanent electric charges), are actually cheaper than the MEMS products in 2010 
(about 1/3 of the cost of a MEMS microphone). This makes the microphone area one in which 
MEMS technology compete heavily with an existing incumbant. 

Fortunately, two surprising reasons are in favor of the MEMS technology: 


1. In modern production line, components are no longer handled and soldered by human 
hands but rather by automatic place and pick instruments and surface mount solder 
reflowing machines. As the devices become small, they can reach considerably high tem- 
perature quickly in such reflow soldering operation. The low-cost electret microphones 
may be damaged during the process (with temperature as high as 260°C), whereas MEMS 
devices, being made of inorganic materials, survives much better; 


2. The crowding of electronics components, including high frequency components (anten- 
nas) also means greater electromagnetic interferences. For this reason, MEMS micro- 
phones, with sophisticated electronics functions (such as digitization) is crucial for future 
developments. MEMS technology has a better edge of integrating signal-processing 
functions (digitization, noise reduction, array formation, and power management) onto 
the sensor. 


A small number of companies in the field, including Sonion, Akustica (2001), and Knowles 
Electronics (2003) built an early lead. Knowles becomes the first company to ship 1 billion 
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microphones in 2009. Interestingly, these three companies pursued different packaging and in- 
tegration strategies in their respective early stages: 


1. Akustica pursued monolithic integration of CMOS and MEMS on a same chip, at least 
initially. The benefit is better signal integrity and lower noise associated with wires. How- 
ever, the processing is also more complex and expensive; 

2. Sonion pursued the option of integrating three dies into a chip—one being micromechan- 
ical and two being circuitry. The option is exactly opposite to Akustica’s approach. By 
using a multiple-chip-module, the complex entanglement of processing issues is solved. 
However, chips must be connected with bonding wires, which may accumulate electro- 
magnetic noise. 

3. Knowles pursued a strategy of placing two dies in a chip—A MEMS chip and a CMOS 
chip. The strategy seemed to have paid off, since Knowles have a commanding market 
share as of 2010. 


The competition in the field intensifies with challengers. In 2010, at least twelve companies pur- 
sued the MEMS microphone business, including Analog Devices. The competition in the field 
for high function and low cost continues to unfold. Traditional microphone companies and 
ECM manufacturers are also incorporating MEMS features and MEMS products. 


Design Considerations 


Perhaps the condenser microphone is the most commonly used MEMS principle. Such a de- 
vice consists of a diaphragm and a perforated backplate (Figure 15.4). The backplate and 
the diaphragm are parallel to each other. Incoming acoustic wave causes the diaphragm to 
vibrate, whereas the backplate remains still. The relative displacement between the diaphragm 
and the backplate can be picked up using a number of transduction principles, including 
capacitive sensing. 

However, one difficulty of the condenser microphone is the stress of the diaphragm. If the 
diaphragm material has compressive stress, the diaphragm will buckle. The buckling may change 
the dynamic range and vary the baseline calibration. It would also become much more suscepti- 
ble to temperature changes. If the diaphragm is tensile, it will certainly be feasible. However, the 
stress level plays an important role to determine the dynamic behavior (such as the resonant fre- 
quency). The same stress must be realized from wafer to wafer and from batch to batch. To make 
it more challenging, the diaphragm must be conductive to take advantage of capacitive sensing 
principles. The only likely solution is to realize the membrane in single crystal silicon. 

Both die size and package sizes are important. The smaller the die size, the lower cost each die 
becomes. However, diminishing sizes also makes it harder for device handling. Akustica realized a 
pure MEMS die as small as 1 mm’. The form factor of the package is important for phones and 
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computers that are increasingly becoming both smaller and more crowded inside. However, the 
small size alone does not make a winning product. A small size with a small prize is the key. 


Commercial Case: Knowles Microphone 


It seems we know everything about microphone design. However, one of the market leaders in 
2010, Knowles Electronics, must use additional design elements to ensure success. Knowles Elec- 
tronics, started in 1988 as a company called Monolithic Sensors, chose to realize the mechanical 
and CMOS functions on two different dies, and integrated them in a multichip module as shown 
in Figure 15.5. This architectural decision is a very important distinction and provided the com- 
pany with advantages over its rivals. The architecture of MEMS is important, as they may give 
companies decisive intellectual property positions. The cross section of the micromechanical 
chip reveals that the device uses a cavity formed by silicon anisotropic etching. Both the diaphragm 
and the backplate must be conductive in order to use the capacitive sensing principle. 

It seems that single crystal silicon, being stress free, might be the best solution. However, 
we learned from the previous chapter that the best way to make single crystal silicon mem- 
brane is to use etch stop wafers like SOI. The cost of these wafers may add too much to the 
price for the microphone product. An alternative solution is to use polycrystalline silicon, and 
deposit the film under favorable conditions to optimize stress. However, since the stress is not 
perfectly zero,a method must be developed to deal with the stress issue in order to achieve uni- 
form performance in all devices. 

The MEMS chip design is based on a variation of the condenser microphone. To deal with 
potential diaphragm warping issues, which may be introduced through package and cause per- 
formance variation or sensitivity to packaging stress and temperature, the Knowles device used 
a cantilever-style design disguised as a membrane (Figure 15.6). The membrane is anchored at 
one point. Any internal stress in the film will not cause bending of the membrane, as it would in 
the membrane case. 
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CASE STUDIES: ACCELERATION SENSORS 
Background and History 


Accelerometers can be further categorized into vibrometers, seismic monitors, inclination sen- 
sors, and motion sensors, according to sensitivity and frequency response characteristics. These 
so called inertial sensors can be used to measure linear acceleration, vibration, shock, and tilt 
angle. 

There is a long history of accelerometer development dating back to the 1920s [3]. The first 
silicon accelerometer was made at Stanford University by Lynn Royceland and Professor James 
Angell, between 1977 and 1979 [4, 5]. It was based on single crystal silicon cantilever and proof 
mass, and doped piezoresistor as sensing elements. Later, following the development of polysilicon 
surface micromachining, Analog Devices pioneered the polysilicon surface micromachined ac- 
celerometer based on capacitive sensing method. Motorola (later Freescale), is another major 
player in this product space. It initially developed accelerometer products based on capacitive 
sensing principles and later on introduced other methods (such as surface micromachining and 
DRIE on SOI wafer). 

Off the shelf accelerometer products today can be categorized according to the number 
of axis (one axis, two axes, or three axes) and by the range of acceleration. A low-g sensing 
range is less than 20 g, and deals with motion a human can generate. Accelerometers with 
higher acceleration ranges deal with industrial and military applications. 

Between 2006-2010, with the growing needs of motion sensing technology for gaming and 
hand-held consumer electronics, the awareness of accelerometer technology by the public increased 
tremendously. There is a new rush of companies entering the arena of acceleration sensing. These 
companies explored new principles, new packaging technology, and new electronics functionalities. 

Capacitive and piezoresistive sensing dominated accelerometer products. Researchers 
have determined the theoretical limits of noise in piezoresistive and capacitive devices [6]. A 
good review of commercial capacitive sensor can be found in [7, 8]. As of 2010, many products 
contain multiple sensitive axes in one package. A sampling of sensor products on the market 
from various companies in the motion sensing space can be found in Appendix 7. Electrostatic 
sensors seem to be more widely used. There are two reasons for that. Since piezoresistors are 
generally doped on the top surface of a mechanical element, it can only measure out of plane 
motion. As such, the ability to use piezoresistors to measure multiple axis acceleration is lim- 
ited. Secondly, capacitive sensing circuitry are rather mature and provide good sensitivity. 

Acceleration sensors and gyros are increasingly used in conjunction with other sensors 
and perform a wide variety of functions, including energy saving, medical emergency monitor- 
ing, and precision operations. There are virtually unlimited potentials for acceleration sensors 
and gyros to contribute to industry and human societies. The competition will remain fierce and 
the field is advancing dynamically. 


Design Considerations 


Successful design of an accelerometer product must take into account of the following aspects: 


1. Mechanical design including dimensions (hence force constant and resonant frequency), 
mass (hence the sensitivity and frequency response characteristics), and chamber pressure 
(which affects the noise, the damping factor, and the sensitivity to ambient temperature). 
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2. Design of analog and digital electronics for readout, control, and functional enrichment, 
under given power and bias voltage limits; 

3. Selection of material and fabrication process for high yield and reliability; 

4. Identification of the optimal packaging and encapsulation technology; 


5. Achieving cost and profit goals by considering compatibility with high-volume packaging 
and manufacturing systems. 


These factors have strong interactions with each other. For example, 


e the choice of sensor dimensions may affect the wafer die count and the economy of the 
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Legends de sign space 
program 
areas of interface 
investigation : 
static 
mechanics 
multiphysics 
product modeling 
attributes 
digital circuit 
mass, spring 
bias damping () operatiing 
voltage N j temperature 
range 
package 
minimum 
` o detection 


temperature 
stabiltiy 


doping 
level 


transduction = 


principle 


FIGURE 15.7 


Identification of design factors and product attributes for an accelerometer product. 
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e the choice of sensor design and processing technology may determine the capacitor di- 
mensions (e.g., the thickness of the mass block); 


e the packaging method will have important implication for the design and integration scheme. 


Figure 15.7 illustrates the complex issues faced by a MEMS product designer. The pertinent 
issues are categorized into design space, material space, and fabrication space. There are multi- 
ple elements in each space. 

Product attributes are listed in hexagonal symbols and placed outside of the three desig- 
nated spaces, since the attributes are the outcome of design activities. The various elements are 
related. The complex web of interconnection between design issues and outcome are summa- 
rized in Figure 15.8. 
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Consider the static model of the sensor (Figure 15.9): upon a given acceleration a, an in- 
ertia force F = ma causes a static displacement on the order of ma/k. 

However, the input is generally dynamic in nature (e.g., step function, shock, oscillations) 
and the response must be determined by taking into account the damping factor. 

An accelerometer with one axis sensitivity can be considered a proof mass (m) lo- 
cated inside a hermetically sealed package. The media inside has a pressure of P and a tem- 
perature of T. The mass is connected to the frame (the package) with springs (cantilever, 
suspension, or membrane). Such springs are represented with a spring constant k. (To find 
k based on geometries and material, use Appendix 2.) The friction and damping is repre- 
sented by c. 

A concentrated force acting on the package can be translated into inertia forces acting on 
the mass while holding the package still. This force would cause the mass to move. The move- 
ment of the mass is represented by a coordinate x, which is fixed to the package framework. At 
rest, the mass has a displacement of x = 0. 

Overall, a mass experiences three forces, the external inertia force (f(t)), the spring 
restoration force (kx) and the damper resistance force (cx). The governing equation of the system 
under acceleration forcing term a(t) is 


X + 2fwnx + o2 = a(t) (15.1) 


where the term é is the damping cofactor. Alternatively, one may also rewrite the governing 
equation as 


ï+ o + wf = a(t) (15.2) 


where Q is the quality factor of the system. 
A second order system responds differently to stimulus depending on if the system damp- 
ing is large or small: 


e For large damping c, the system is said to be over damped and the solution is exponen- 
tially decaying; 

e For critical damping, where c = 2Vkm or é = 1, the solution dies down quickly and re- 
turns to rest; 

e When the damping is between critical damping and zero, the system responds with a form 
that combines a decay (exponential response) and sinusoidal output (ring). 
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It is desirable to operate the accelerometer in the critically damped regime, since the 
response “settles” quickly. If the system is underdamped (i.e., vacuum), the sensor may not 
reach true reading for a long time. 

When the forcing input is complex (step function, shock, sinuisoidal), one can analyze the 
output as a function of time. A complete solution can be found by solving the differential equa- 
tion, for example using the Laplace transformation method. 

With a step function of acceleration a, the steady state output is 


a a ma 


(15.3) 


On 
m 


It is observed that the sensitivity is inversely proportional to w2. For an accelerometer operat- 
ing at the critical damping regime, the greater the resonant frequency, the smaller the sensitiv- 
ity. It makes physical sense. For a device to attain great resonant frequency, the mass must be 
small in order for it to move fast. However, a small mass would diminish the inertia force and 
reduce sensitivity. 


Commercial Case: Analog Devices and MEMSIC 


Analog Devices, a company that is built on the business of analog electronics, spent major ef- 
forts in establishing an accelerometer product line. Their efforts focused on surface microma- 
chined polysilicon accelerometers, using comb drives as sensing electrodes. 

A unique acceleration sensor based on thermal transfer principle has been developed 
and marketed by MEMSIC. The sensor principle is discussed in Chapter 5. The major advan- 
tage of the MEMSIC process lies in the fact that the process is almost entirely compatible 
with large-scale integrated circuit foundries, since it does not involve any moving parts. The 
company therefore enjoyed significant advantage in terms of technology readiness and speed 
to market. 


TABLE 15.1 Comparison of two accelerometers. 
Analog Devices ADXL103 MEMSIC MXC6202xJ/K 
Axis 2 2 
Package size 5x 5X 2mm? 5.5 X 5.5 X 1.4mm? 
Measurement range +1.7 g +2 g 
Bandwidth 5.5 kHz 30 Hz 
Voltage 45V 3V 
Current 0.7mA 2.3mA 
Resolution 1 mg @ 60 Hz 1 mg @ 1 Hz band width 
Turn on time 20 ms 50 ms 
Temperature range —40 to 125°C —10 to 85°C 


Price 


$8.19 each for an order size of 1000 pcs 


$6.76 each for an order size of 500 pcs 
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The sensor performance, however, suffers from speed issues, as the dominant time con- 
stant is dictated by heat transfer. 

The device however is only for in-plane sensing, as it is fairly easy to place heaters and 
temperature sensors side by side on the wafer surface. It is, however, difficult to realize three di- 
mensional sensors. To realize three dimensional sensors, the temperature sensors must be 
placed in three dimensional space, which invariably would involve silicon wafer etching. The 
etching process would diminish the degree of compatibility with IC foundries, and therefore in- 
crease costs. 


CASE STUDIES: GYROS 
Background and History 


Gyroscopes are used for measuring angular rotation speed. Gyroscopes used to be a high-cost, 
low-volume product, intended only for high-end applications, such as guidance and military 
use. There are several principles for such measurement, including optical and thermal [9]. How- 
ever, the most common method is based on the Coriolis force developed on a moving object. 

Earlier MEMS gyros were made in the 1980s from quartz tuning fork architecture. The 
popularity of motion sensing gaming and human-computer interface technology demands high 
performance, low cost and very small gyros. 

Other applications are rapidly emerging. In 2010, the digital camera OIS (Optical Image 
Stabilization) market is developing. Cameras are increasingly using higher-resolution imager 
chips, whereas, on the other hand, pictures taken in low-light conditions or with zoom lens are 
subjected to hand movement. The OIS application requires a sensor that costs less than $5, 
preferably even lower. It must measure hand jitter from 0.1 to 20 Hz with exceptional low noise 
(e.g., 0.033 °/s-rms). 

Many companies compete in this space, including STMicroelectronics, Robert Bosch, and 
Analog Devices, uses vibrating mass architecture. 

Gyros are much more challenging to design and fabricate than other high volume MEMS 
products such as pressure sensors and acceleration sensors. The absolute magnitude of the Cori- 
olis force sensed is orders of magnitude lower than any MEMS accelerometer. For example, the 
signal change in gyros is on the order of 100 attofarad. Gyros are also very sensitive to any po- 
tential manufacturing variations, packaging stresses, linear accelerations, and changes in ambient 
temperature. 


The Coriolis Force 


We explain the Coriolis force measurement below. Given an object (mass = m) with a velocity 
v in a rotational framework with a rotation speed of Q, the magnitude of the Coriolis force is 


F, = —2 mQvsina, (15.4) 


where a is the angle between the velocity vector and the rotational vector. In most simple de- 
sign cases, the terms Q and v are perpendicular and sine = 1. 

The directions of the terms, Q, v and F,, can be found by using the sign conventions of the 
vector cross-product, diagramed in the figure below. 
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Coriolls force 


The Coriolis force can be used to explain many phenomena, including swirling water 
draing from a basin. The most direct experience is with a bicycle (Figure 15.10). When you are 
riding a bike and you intend to turn to the right-hand side, you push on the right-hand side han- 
dle. Consider the movement of a mass on the rim of the bicycle front wheel. A push on the right 
handle sets up a rotation (Q), which causes a Coriolis force to move the front of the wheel to 
the right-hand side. Exactly what the rider wants, even though he/she has no idea what the 
Coriolis force is. 

In MEMS, it is however very difficult to make rotating wheels. Even though such struc- 
tures can be created, it would involve friction force. However, since scaling favors surface ef- 
fects, it also means that the friction force is large relative to other body forces. For MEMS gyro, 
the realistic solution is to use a vibrating structure—it simulating a rotating disc, except that the 
disc oscillates back and forth, instead of in only one direction. 

MEMS gyros use oscillating structures to generate the velocity component. A tuning 
fork structure is a device with two tines (for symmetry), with each tine oscillating in a certain 


FIGURE 15.10 


Explaining Coriolis 
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FIGURE 15.11 
A tuning fork gyro. LJ 


direction. For example, in Figure 15.11, a vibrating gyro with tine velocity along the axis labeled 
V is subjected to a rotational speed Q, applied along the direction of the tines. This produces 
a Coriolis force in the perpendicular axis, F.. A micro gyro actually consists of two parts, an 
actuator that excites the tines, and a displacement sensor that measures motion along the 
Coriolis force axes. 


15.4.3 MEMS Gyro Design 


A MEMS gyro can be constructed on a wafer serving as a frame. It is not much different in 
principle from the tuning fork — a moving mass is excited and a cross-axis motion is sensed. The 
magnitude of the displacement corresponds to the rotation speed. A MEMS moving block de- 
sign looks very different from a tuning fork though. The mass is anchored to the silicon wafers 
through suspension beams. 

A MEMS gyro can be characterized by the number of rotational axis it is sensitive to. The 
three rotational axes with respect to a chip are demonstrated in Figure 15.12. The earliest 
MEMS gyros were sensitive to Z-axis only and sometimes referred at yaw rate sensors. Later, 
two axis gyros were developed (y and z axis or x and y axis). This is followed lately (in 2010) by 
three axis gyros. 

A single-axis gyro can be sensitive to an in-plane axis. Overall, there are two possible one- 
axis gyros—a yaw rate sensor or a pitch rate sensor. The various ways by which such sensors can 
be configured are shown in Figure 15.13. 
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Candidate sensing-detection options for single-axis gyros. Z-axis gyro. 


A schematic diagram of a Z-axis yaw rate gyro is shown in Figure 15.14. The mass block is 
moved along one axis, whereas the Coriolis displacement is sensed along another. Both the 
driving and sensing can be accomplished with electrostatic sensing and actuation. 

A layout design of a pitch-rate gyro is shown below. A moving mass is excited to sway left 


and right (in the diagram). The Coriolis force causes the mass to dip and rise, changing the ca- 
pacitance with respect to the bottom electrode. 
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sense 
electrode 


mass 


There are even more variations of configurations for dual axis and tri-axial gyro sensors 
(Figure 15.15). The design challenge lies in the fact that the moving blocks are situated side by 
side, occupying more chip space than a single axis one in general. 


Single Axis Gyro Dynamics 


A gyro consists of a mass that is excited in one direction with a sinusoidal forcing function. This 
creates movement and velocity, which in turn generate a Coriolis force and excited another axis. 
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In the driving axis, we have 

mx + cx + kyx = Fsinwt (15.5) 
In the sensing axis, we have 

my + cy + kyy = 2mOx (15.6) 


The mass for both axes is the same but the spring constants may be unequal. The resonant fre- 
quency of the driving axis is 


Ky 
Ory = za. (15.7) 


whereas the resonant frequency for the sensing axis is 
Ory = 4| (15.8) 


It is advantageous to drive the mass along the driving-axis at the resonant frequency w,,, to 
maximize the displacement while minimizing the power input and energy consumption of the 
device. In this case, the differential equation for the driving axis is 


mx + Cx + kx = Fsinw,,.t (15.9) 
with the steady-state x axis output being 
X(t) = —Xm COS wryt. (15.10) 


This resonant forcing case has been solved in Chapter 3. Considering that the magnitude x, is 
quality factor Q, multiplied by static displacement, we have 


F 
im = Ov (15.11) 


The time domain input to the sensing axis is therefore 
2 MOX py rx SIN wryt (15.12) 


Here we are only interested in finding the steady state response under forcing in the sensing 
axis. The steady state output can only be a sinusoidal wave with the frequency of w,,. Hence we 
use the transfer function method, where 


1 zna 1/m 
MOXpOpy) = 
ms? + Cys + T mrs) s + 2éwryS + w 


Y(s) = T,(2 MOX Ory) = 7 2mOQOxo,,. (15.13) 


ry 
Replacing s with jw, and evaluating the transfer function at w = w,y, we have 


2 OX Oryx 2 OX,0;5 


Vie oh + AP eh a IC F + (2) 
ý Ory Ory 


| Y(@;x) | = 


5 (15.14) 
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Overall, the output in time domain is 


2 MQO,.Xn 1 


* ¥O-G)) + Gr) 
Ory Ory 


Some major design considerations for a one-axis gyro would include: 


Y(t) = sin (w,xt — phase—delay) (15.15) 


1. The x axis would be driven sinuisoidally. The amplitude and speed must be repeatable. 
Further, the amplitude must be insensitive to environmental factors; 


2. The displacement in y axis should be as large as possible for sensitivity. However, since 
the y-axis motion would be coupled back to the x axis through Coriolis force, the y-axis 
motion can not be excessive. 

3. Further, cross-sensitivity to rotation in other axis and to linear accelerations must be sup- 
pressed. 


The crosstalk must be minimized using a number of ways. Over the years, researchers have 
tried various techniques, including mechanical decoupling, electrostatic force compensation, 
and mechanical trimming [10]. Complex computer modeling has been used for design opti- 
mization and performance analysis [11] 

The mass is determined by the area and the depth of the moving block. In principle, the 
mass does not scale well with MEMS technology. It can be even argued that MEMS technology 
does not work for a gyro. Fortunately, issues associated with signal detection were solved suffi- 
ciently well. MEMS gyros have sufficient performance to survive in the market. 


15.4.4 Commercial Case: InvenSense Gyro 


InvenSense was a company that started in 2003. Its gyroscope sensors have a dominant market 
position in 2010. The sensors are very small and consume little power. Each chip contains so- 
phisticated electronics, including 16 bit analog-to-digital converter, programmable digital low- 
pass filter, temperature-compensated bias adjustment, and application programming interfaces 
for use in systems. 

The following is a list of key technical specifications for Invensense ITG-3200 three axis 
gyro. The package dimension is 4 X 4 X 0.9mm. Within the volume are the micromechanical 
parts as well as integrated 16-bit analog-to-digital conversion and user-selectable internal low- 
pass filter. It also incorporates an embedded temperature sensor and an internal oscillator for 
clock. It is shipped to commercial customers in reels compatible with automated assembly ma- 
chinery. Each reel contains 5000 sensors. 

Unlike Knowles microphone, which use the multiple chip module package level integra- 
tion approach, InvenSense developed an integrated wafer-level integration process and pro- 
duced single-chip CMOS plus MEMS assembly. One possible reason is the noise requirement. 
A second reason is perhaps patent related. 

The company developed many unique processes (Figure 15.16). Its patented process 
employs bulk silicon processing, wafer level packaging and hermetic encapsulation, and other 
innovative integration techniques to achieve a low-cost single chip MEMS device. The CMOS 
chip is bonded directly on top of the MEMS wafer using eutectic bonding to the aluminum 
layer of the CMOS wafer. 
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TABLE 15.2 Key performance specifications of Invensense ITG 3200 as of August 2010. 


Parameter Minimum Value Typical Value Maximum Value Unit 
Voltage 2.1 3.6 Vv 
Current 6.5 mA 
Noise At 10 Hz 0.03 °/sec/ VHZ 
X-axis 30 33 36 kHz 
Resonant frequencies Y-axis 27 30 33 KHz 
Z-axis 24 27 30 KHz 
Zero rate output (random +40 °/sec 
walk) 
Full range +2000 °/sec 
Start up time 50 ms 
Operation temperature range —40 85 °C 
Storage temperature range —40 125 °C 
suspension 
mechanical 


elements MEMS wafer 


vacuum 


bonding : 
cavity 


transistors CMOS wafer 


FIGURE 15.16 


Gyroscope configuration. 


SUMMARY OF TOP CONCERNS FOR MEMS PRODUCT DEVELOPMENT 


Developing a MEMS product suitable for industry and consumer market is more challenging 
than making a laboratory device. A product must offer superior performance and cost advan- 
tages to displace existing products and fend off potential competitors. As difficult as it is to sat- 
isfy stringent performance requirements, such performance characteristics must not change 
with time, ambient conditions (e.g., temperature, pressure, humidity, electromagnetic wave), or 
history of use. 

Further, a product must be developed fast enough to capture market opportunities. The 
development effort must also allow economic return for investors, since MEMS projects often 
require moderate to large investments to commence. 

The focus of this book is to provide students with tools to deal with technology risks. 
However, understanding the market and financial perspectives of a product development is 
crucial for innovators. 
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The following is a list of primary concerns for anyone interested in developing a MEMS 
product. 


Performance and Accuracy 


MEMS devices rarely enter the market as a completely new product category. Often, the device 
must compete with existing products. This is the case for blood pressure sensors, accelerome- 
ters, gyro, ink jet printers, digital light processors, and resonators. 

From successful MEMS products, we can learn the fact that MEMS product must offer 
unique functional advantages, rather than mere differentiation. Early blood pressure sensors 
lowered the cost of such sensors by 10 X [2]. Further, it offered miniaturization and reduced 
hospital labor costs (associated with cleaning sensors). MEMS accelerometer products reduced 
the sizes and the cost by at least 10 X margin over existing products. 

For sensor and actuator devices, accuracy is an utmost concern. A sensor device must sim- 
ply meet requirements of detection limit, sensitivity, linearity, immunity to noise and environ- 
mental changes, and immunity to crosstalks. The design of MEMS must allow such issues to be 
addressed. 

Yet a hidden source of design complication that affects performance and accuracy is 
process nonideality. Process is rarely perfect, despite the best human intentions and efforts. A 
few examples are given below: 


e Lithography process with multiple layers may exhibit registration error. 

e Mask generation may carry finite error due to the pattern generation process. 
e Pattern transfer may not be 100% accurate due to undercut. 

e Sidewalls made using the DRIE process is not perfectly vertical nor smooth. 


Though process nonideality rarely causes yield loss directly, they are nonetheless obstacles for 
achieved desired performance, accuracy, uniformity, and stability. Understanding these practical 
elements is important for achieving high yield and uniformity. 


Repeatability and Reliability 


The performance of MEMS products, or any product for that matter, must be known (on the 
basis of each individual device), calibrated, uniform, and unchanging over time. If a performance 
characteristic changes under certain circumstance, it must change with a known trend and/or the 
degree of change must be minimized. The performance of the MEMS devices must be measured 
with harsh standards, including wide temperature range, electromagnetic interference, and 
rough handling (e.g., shocks) during assembly and use. MEMS devices are subjected to rough 
handling and operational conditions. Military operations, for example, demand wide tempera- 
ture, harsh shocks, and particles and humidity in the environment. Even commercial products 
must be subjected to rough handling and high temperature processes during the packaging steps. 

All commercial MEMS products must strive to have high stability. These products must 
have extremely low sensitivity to temperature while striving to satisfy the widest temperature 
variation range possible to offer broad appeal. Accelerometers are packaged to maintain pres- 
sure and critical damping, and to minimize moisture and temperature variations. Gyros, res- 
onators, and DLPs are encapsulated to maintain stability. These encapsulation methods are 
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costly (from the perspectives of fabrication, design, and circuitry) and challenging (from the 
perspectives of material science and intellectual property). 


Managing the Cost of MEMS Products 


One can loosely argue that the advantage of microelectronic-style microfabrication is best uti- 
lized when the volume of products is large. Indeed, many successful MEMS products are used 
in high-volume consumer applications. 

A common misconception about MEMS is that “batch fabrication reduces the cost of 
MEMS.” In reality, there is significant setup costs fora MEMS project and fixed-cost for main- 
taining a MEMS fabrication facility. The batch fabrication can result in reduced cost of chip or 
products only when there is a significant volume demand. 

For volume products, there is always pressure to reduce the cost of individual units. This 
pressure can come from the system integrator, from competing technologies, or from competi- 
tors within the MEMS field. It could come from existing competitors, imitators, or future chal- 
lengers. It is very important to be mindful of strategies for reducing the cost. 

The cost of developing the MEMS hardware can be divided into two major categories: the 
cost of fabrication and the cost of packaging and testing. Often times, the cost for packaging 
and testing is more than the cost of fabrication. 


Market Uncertainties, Investment, and Competition 


The fundamental objective of a business decision to make a MEMS product is to make return 
on investment (ROI) for the investor. For many developers and innovators of MEMS, failure to 
justify ROI means you will never get sufficient resources to even start to develop enterprise- 
grade technology. As such, there must be clear paths of establishing technology, making rev- 
enue and profit. There must be a clear understanding of the market opportunity, costs (not just 
manufacturing cost) and a business model. Consumer products have high volume; however, the 
cost must be extremely low. Military and industry products may tolerate higher prices, but their 
volume is generally lower. 

The risks of a MEMS product broadly involve technology risk, market risk, and financial 
risks. The technical risks for making a MEMS product include the ability to satisfy performance 
characteristics, perform beyond other technology competitions, and establish the barriers for 
future competitors and challenges (e.g., through establishment of intellectual properties). 

Market risks include the uncertainty of an anticipated problem actually becoming a real- 
ity, and the reactions from competitors and imitators. 

There is significant financial risk and obligation. The cost for setting up a batch run—including 
that of design, mask making, fine-tuning fabrication process, and calibration—should not be un- 
derestimated. A large area, high-resolution mask plate can cost several thousand to tens of 
thousands of dollars to produce. The establishment of a microfabrication facility can cost tens 
of millions of dollars, due to cleanliness requirement, automated equipment, and environmen- 
tal and safety protocols. Day-to-day operation of a clean room facility requires significant in- 
vestment to cover consumables for environmental stabilization (e.g., cooling water and air) and 
processes (e.g., high purity processing gases for thin film deposition and etching). 

For example, to prepare for a production environment suitable for making MEMS device 
at a rate of 1 million units/month, one would require a capital expenditure of at least $10M, 
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12000 ft? of space, and 60 dedicated operators. Depending on the location of the facility, the cost 
for making 1 million units/month could be as high as $3M/year in labor cost alone. Anyone 
fortunate enough to make the technology to work and identify a market will then face this 
manufacturing challenge. 

In the future, it is important to reduce the break-even production volume to offer cus- 
tomization capabilities. To achieve this, new designs of MEMS and new fabrication paradigms 
are needed. 


SUMMARY 


This chapter reviews the intersection of design, materials and processes by using commercially 
successful MEMS products as examples. A reader is exposed to not only theory but also practi- 
cal elements such as market and economics. Future MEMS innovators would encounter unlim- 
ited opportunities. I hope this book makes you excited about and prepares you well for an 
exciting journey. 


PROBLEMS 


PROBLEM 1 


Design: Pressure Sensor 
Form a group of 4 members (or more if necessary). Develop a complete design of an invasive blood pres- 
sure sensor, following the design of Figure 15.2. Base your analysis on known facts of the device (e.g., die 
dimensions), and develop at least the following estimates as a team: 

1. membrane dimensions (size and thickness); 

2. the piezoresistor (resistance level, geometries, doping level, thickness); 
3. the sensitivity and noise level of the device; 
4 


. the resonant frequency and frequency bandwidth of the device (Hint: You must be able to capture 
typical variations in the human circulation system). 


After the analysis and estimations are done, 
1. draw the complete mask layout of the chip, 


2. draw the entire process flow, including evaluation of yield, and 


3. estimate the process yield. 


PROBLEM 2 


Design: Pressure Sensor 


Part A: With the same team for Problem 1, identify ways by which you can alternate the designs. Develop 
analysis for at least two alternative designs for the sensor. For example, you may consider the following 
options: 


1. Option 1: using LPCVD silicon nitride (with intrinsic tensile stress) as the membrane, and LPCVD 
polycrystalline silicon as the piezoresistive material; 
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2. Option 2: using an SOI (silicon on insulator) wafer with proper thickness of the top silicon layer, 
and make the membrane from the top silicon layer. 


Assume that the size of the membrane and top dimensions of the resistors remain the same for the alter- 
native designs. Develop the analysis for sensitivity and noise. 


Part B: Draw process flow for the options discussed in Part A, and evaluate the pros and cons of the 
alternative methods in terms of processing. 


PROBLEM 3 


Design: Pressure Sensors 


Develop an alternative pressure sensor design, based on surface micromachining technology and thin 
films. For example, you may assume the membrane is made of silicon nitride. The sensing principle is 
piezoresistive sensor with LPCVD polysilicon. 


Part A: Find the dimensions of the membrane and thickness that would give the sensor the same 
sensitivity as the one analyzed in Problem 1. 


Part B: Develop a complete process flow for this new surface micromachined option. Analyze the 
pros and cons of this method. 


PROBLEM 4 


Design: Pressure Sensor 


Design an alternative capacitive sensing pressure sensor. Assume that the dimensions of the membrane 
can be as large as piezoresistive sensors. First, assume the same membrane design as in Problem 1 is used. 
However, the membrane must be conductive and there must a provision for an electrode. 


Part A: Develop a complete design of a capacitive pressure sensor and analyze the sensitivity and 
noise; 
Part B: Develop a complete process flow for such a sensor. Discuss the pros and cons of the method. 


PROBLEM 5 
Review: Pressure Sensor Market Competition 


Part A: With the team formed in Problem 1, investigate two current MEMS-based companies mak- 
ing noninvasive blood pressure sensors on the market. Build a comparison matrix and compare at 
least two products, one from each company. List the principle of operations, unit price, sensitivity, 
accuracy, noisy floor, and bandwidth. 


Part B: Form a team of 3 or 4 members. Draw process flow for both sensors reviewed in Part A 
based on online review and open literature (Hint: including patent documents). Evaluate and esti- 
mate the process yield. 


PROBLEM 6 


Challenge: Pressure Sensor 


This problem is based on successful completion of Problem 5. Form a team, design and develop an alter- 
native blood pressure sensor for noninvasive blood pressure monitoring that could compete with existing 
products reviewed in Problem 5 and one that could capture a significant market share. 
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Part A: Analyze and justify your claims about competitive advantage. (For this problem, you do not 
need to be concerned about using ideas that may carry risks of infringing on existing patents.) 


Part B: Develop the design and fabrication process for such a sensor, including evaluation of perti- 
nent variables and estimated yield and cost of finished products. 


PROBLEM 7 
Review: Microphones 


Part A: Form a group of 3 or 4 students, and review the products and technology of at least three 
current MEMS companies that compete in the microphone space. Review journal and conference 
articles, news articles, business news articles, patents, product literature, and market research re- 
ports. Understand each company’s unique history, technology portfolio, integration and packaging 
strategies, and design strategies to ensure high performance, low cost, and stability. 


Part B: Summarize your reviews and present your analysis as to which company has a definitive ad- 
vantage in the competition for the market. 


PROBLEM 8 


Design: Microphones 


Develop a complete design of a microphone following one particular product in the market (e.g., Knowles 
microphone depicted in Figure 15.5). 


Part A: Finish the design of one microphone device. Estimate the dimensions of the membrane and 
speculate the thickness based on your best estimate after reviewing literature. Develop a math model 
that allows the analysis of the sensitivity and resonant frequency based on a particular design. 


Part B: Draw the mask layout for the sensor, including bond pads. 
Part C: Draw the complete process flow for the sensor. 


PROBLEM 9 


Design: Microphone Alternative Design 
Develop a surface micromachined condenser microphone. The dimensions of the membrane should be no 
greater than the one used in Problem 8. Draw the complete process flow for such a sensor. 


PROBLEM 10 
Challenge: Microphone 


Based on your analysis of existing commercial microphone products and companies in Problem 7, 
develop an alternative microphone product design that would compete with existing products and have 
definitive technological or market advantage. 

Part A: Develop analysis to justify your claims. Present your analysis in class. 

Part B: Develop complete process flow for your new design. Analyze the pros and cons of the process. 


PROBLEM 11 


Design: Capacitive Surface Micromachined Accelerometer 


Design a single-axis accelerometer based on the blueprint of the Analog Devices surface micromachined 
accelerometer. Specify the dimensions of the mass, the design of support beams, and the design of comb 
fingers. Suppose the device is operated at critical damping. 
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Part A: Form a team of 4 members, and develop a complete design layout for the sensor. Analyze 
the output (SC/C) as a function of input acceleration in the intended access. 


Part B: Analyze cross-axis sensitivity based on the design specified in Part A. 
Part C: Develop a mask layout for the entire sensor die. 


Part D: Estimate the sensitivity and noise of the sensor and compare with published data sheets of 
the commercial product. Present your findings and explain any major discrepancy. 


Part E: Explain all the methods by which outside temperature change may affect the sensor output. 
If a compensation method can be developed, discuss it. 


PROBLEM 12 
Challenge 


Design the layout of a three-axis accelerometer. Draw the mask layout. Complete analysis of the sensitiv- 
ity in all three axes. The size of the die should be smaller than a comparable Analog Devices product. 


PROBLEM 13 


Review: Applications of Inertia Sensors 


Pick one emerging application that requires inertia sensors (e.g., motion sensing game control, orientation 
sensing for handheld computers, rotation sensing for digital camera auto focusing, or indoor position 
localization). Form a group of 3 or 4 members and develop a literature survey in order to estimate the 
dynamic range and frequency response for that sensor application. 


PROBLEM 14 
Design: One Axis Gyro 


Part A: Form a group of 3 or 4 members, develop a complete design for a one axis gyro depicted in 
Problem 12. Specify the dimensions of the mask, the thickness of the beam, and the width of sup- 
porting beams. Estimate the sensitivity (dC/C) for a given rotation. D 


Part B: Develop a design spreadsheet that allows the variables (dimensions, mass, width, and thick- 
ness) to be input into the analysis to produce estimate of sensitivity and cross-axis sensitivity. 


Part C: Estimate cross-axis sensitivity to rotation and acceleration in other nonintended axis. 
Part D: Develop a mask layout for the one-axis sensor. 


PROBLEM 15 
Challenge: Three Axis Gyro 


Develop a gyro that can measure rotation in three axis which the size of the die being smaller than 
4.5 X 4.5mm’. 


Part A: Analyze the sensitivity in each axis. 
Part B: Develop the complete mask layout for such device. 


PROBLEM 16: Review 


MEMS mirrors are used for beam steering. Discuss at least one incumbent and competitive technology 
for N x N optical switches for steering optical signals between two strands of optical fibers. Find product 
specification sheets or research literature on each technology. Compare their cost, performance, and reli- 
ability compared to a MEMS optical switch. 
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PROBLEM 17: Review 

MEMS mirrors have been used for retinal scanning display. Discuss at least two technologies (other than 
MEMS) for direct light projection into retina for display. Compare the cost, performance, and reliability 
compared to a MEMS mirror-based display system. 
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Single crystal PolySi Si Oxide 
silicon LPCVD SiN LPCVD LPCVD! Gold Al SiC Stainless steel 
E (GPa) <100>130 120-175 385 [1] 73 [1] 78° [6] 70 [1] 700 [1] 200 [1] 
<110>168 [47 254 [5] 192-200 [6]° 
<111>187 [2, 3] 
Density (kg/m*)* 2300 [1] 3100 [1}° 2500 [1] 19300 2700 [1] 3200 [1] 7900 [1] 
3000 [7] 

Fracture strength 0.6-7.7 [3, 8]° 1-3 [9] 14 [1] 8.4 [1] N/A N/A 21 [1] 2.1 [1] 
(GPa) 6.4 [5]’ 

Yield strength N/A N/A N/A N/A 0.258 [6] 0.17 [1] N/A N/A 
(GPa) 

Fracture toughness {100} 0.95 1 [10] 5.3° [6] 0.79 [6]!° 4.44.78 [6]! 80 [6]? 
(MPa Vm) {110} 0.9 

{111} 0.82 [6] 

Poisson Ratio 0.055-0.36 [2]3 0.15-0.36 0.28-0.35 [6] 0.1714 [6] 0.42 [6] 0.33 [6] 0.16-0.248 [6] 0.30 [6] 
0.25 for <100> [6] [1] 
0.36 for <111> [6] 

Thermal 157 [1] 34 [1] 19 [1] 1.4 [1] 315 [6] 236 [1] 350 [1] 33 [1] 
conductivity 141 [6] 3.2 0.5 [7]6 247 [6] 71-4908 [6]!8 
(W/mK) 4.5 [12]" 

10-33 [6] 

Linear thermal 2.33 [1] 2.33 [13] 0.8 [1] 0.55 [1] 14.2 [6] 25 [1] 3.3 [1] 17.3 [1] 
expansion 2.5 [6] 2.7-3.7? [6] 23.6 [6] 4.2-5.68[6]  14.4-27 [6]!° 
coefficient 
(PPM/K) 

Thermal capacity 700 [6] 700 [7] 740°[6] 128 [6] 900 [6] 590-1000 [6] 420-500 [6] 
(J/kgK) 

Seebeck Coefficient 500-1000 [14° 50-150 N/A N/A N/A 
(uV/K) [15, 16] 

Electrical resistivity N/A N/A 2.3 X 1078 [6] 2.6 x 1078 [6] N/A 5.5 x 1077 
at R.T. (Qm) —10 x 1077 [6] 

Piezoresistive On the order of 10-3072 N/A N/A 1-4 1-4 N/A N/A 


gauge factor 


100 


QNdddv 


x 


Appendix 1 


Thermal 
Resistivity”? conductivity TCR Linear thermal expansion 
Material (10-8 Om) (W/mK) (ppm/°C) coefficient (ppm/K) 
Aluminum (Al) 2.83 [13] 237 [13] 3600 [13] 25 [13]; 23.6 [6] 
2.73 [17] 
Chromium (Cr) 12.9 [13] 94 [13] 3000 [13] 6.00 [13] 
12.7 [17] 
Copper (Cu) 1.72 [13, 17] 401 [13] 3900 [13] 16.5 [13] 
Gold (Au) 2.40 [13] 318 [6] 8300 [13] 14.2 [6] 
2.35 [6] 
2.27 [17] 
Nickel (Ni) 6.84 [13] 91 [13] 6900 [13] 13 
7.2 [17] 
Platinum (Pt) 10.9 [13, 17] 7174 [6] 3927 [13] 8.8 [13]; 9.1 [6] 
10.6 [6] 
Silicon bulk Doping 157 [1]; Doping 2.33 [1] 
141 [6] 2.5 [6] 
Polysilicon Doping 34 [13] Doping 2.33 [13] 
Siliocn oxide N/A 1.4 [1] N/A 0.55 [1]; 0.4% [6] 
Silicon nitride N/A 19 [1] N/A 0.8 [1] 
3.2 + 0.5 [7]°° 2.7-3.7? [6] 
4.5 [12]7 
10-33 [6] 


‘Numbers quoted in [1] K. E. Petersen, “Silicon as a mechanical material,” Proceedings of the IEEE, vol. 70, pp. 420-457, 1982. is for 
silicon oxide fibers. 

?Value depends strongly on sample preparation technique and growth techniques. 

3Value depends on phase of steel: ferritic, austerritic, martensitic. 

‘The density can be calculated by knowing atomic weight of constituent atoms and atom packing density. 
SExact value may depend on specific composition of SiN). 

The fracture strength is very dependant on the specimen size. The values quoted are for micrometer sized samples. Further reduction 
of sample sizes will further increase the fracture strength. 

TValue depends on temperature and specimen size. 

8Cold worked, 60% reduction. 

°Bulk material, sintered. 

10Value for fused silica. 

Value depends on preparation method. 

The exact value depends on the treatment process and may vary from one brand to another. 

13The value of Poisson’s ratio depends on crystal orientation. 

14 Bulk material, fused silica. 

15Maybe influenced by sample sizes, i.e., bulk vs. thin film. 

16Measurement made on microscale samples of low stress nitride with Si )Nj 1. 

Measurement obtained on thin film silicon nitride membrane. 

'8Value depends on preparation method. 

1Value depends on preparation method. 

% Actual value depends on dopant type and concentration. 

21 Actual value depends on doping concentrations and operation temperature. 

Chapter 5. 

°3\t room temperature, 27°C 

4Value at 0°C 

Fused silica. 

Measurement made on microscale samples of low-stress nitride with Si, oN1.1- 

?Measurement obtained on thin film silicon nitride membrane. 
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APPENDIX 2 


Frequently Used Formula for 
Beams, Cantilevers, and Plates 


End constraints and loading conditions Maximum values of stress and displacement 


Maximum occurs at the free end 

FP 

2EI 

Maximum vertical displacement occurs at the free end 
FP 


Max. value d = —— 
3EI 


Max value of 6 = 


6 at the free end equals zero due to guided boundary condition. 
Maximum vertical displacement occurs at the free end 


FP 
12EI 


Max. value d = 


Maximum vertical displacement occurs in the middle 
FP 
192EI 


Max. value d = 


A fixed-fixed beam with point loading applied at the center. 


Maximum @ occurs at the end of the beam 


7 Maxé MI 
ax 0 = —_ 
d EI 
lacs NE Maximum vertical displacement occurs at the free end 
TPS M MP 
. Max d = —— 
2EI 


Fixed-free beam under a torque loading. The position of the 
torque along the length is not relevant. 


For formula of maximum displacement and stress for plates of square or circular geometries, 
refers to Chapter 6, Section 3. For complex cases, refer to [1] and [2]. 

The resonant frequencies of several representative beam, cantilever and membrane con- 
figurations are listed in the following table. 
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Case and description 


Natural frequency (fayn = 1,2,...) 


Uniform beam cross section, 
both ends fixed 


Uniform beam cross section, one 
end fixed, another end free 


Uniform beam cross section, one 
end fixed, another end guided 


Circular flat plate or membrane 
of uniform thickness ¢ and 
radius r, edge fixed 


Rectangular flat plate or membrane 
with short edge a, long edge b, 
and thickness t; all edges fixed 


Notation: 
F: point loading force [N, Newton] 


1. center load F, beam weight 
negligible 


2. uniform load w per unit length 
including beam weight. (Unit 
of w = N/m) 


load F on free end, beam weight 
negligible 


uniform load w per unit length 
including beam weight. (Unit 
of w = N/m) 


Uniform load w per unit length 
including beam weight. (Unit 
of w = N/m) 


Uniform load w per unit area 
including own weight 


Uniform load w per unit area 
including own weight 


w: distributed force per unit length [N/m] or per area [N/m?] 


I: length of beam [m] 


E:Young’s modulus of beam material [N/m?] 


d: vertical displacement [m] 
6: angular displacement [arc angle] 


13.86 /Elg 
on NFP 
T FI 


kn Elg 

In = ay on (ki = 22.4, = 61.7) 
1.732 [Elg 

f= oa V FP 
a \ FI 
kn |Elg 

fa = ayy y (ki = 352k = 220) 
kn |EIg 

fo = zp \ qA (kt = 54k = 50.0) 
k, [D 

f, NE 10.2, D = Ef/12(1 - 7°) 
kı [Dg . . 

Tras 1s dened above 

fis > (D is defined above) 
T \ wa 


K; is tabulated for various ratios of a/b 
a/b 1 09 08 06 04 0.2 


K, 36 327 299 25.9 23.6 22.6 


Advanced readers may find the following list of papers on detailed mechanical modeling of 
beams published in the MEMS field useful [3, 4]. 
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APPENDIX 3 


Basic Tools for Dealing with a 
Mechanical Second-order 
Dynamic System 


DIFFERENTIAL EQUATION AND CASES 
A canonical differential equation for a second order system is 
mx + Cx + kx = f(t) 


where the term C is the damping coefficient, k is the force constant (spring constant), and f(t) is 
the forcing function. 


Canonic expression is obtained by dividing the equation by m on both side 
X + 2éanx + o2 = a(t) 
If f(t) = 0, the solution is called the free system solution. 


If f(t) = A sin(wt + 6), the system is said to be under oscillatory bias. In such cases, we 
typically are only interested in the steady state response. 


If f(d is an arbitrary forcing function, the solution is the response to an arbitrary forcing 
function and may contain both transient and steady state terms. 


Besides, the system may be subject to initial conditions x(0) and x(0). 
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TERMINOLOGY 
Notation Name Unit Relations 
x Second order derivation of x, acceleration mls? 
x Second order derivation of x, speed mis 
x(0) Initial position m 
x(0) Initial speed mis 
m Mass Kg 
p S C k 

C Damping coefficient N: sim A = 2w, C = wO 
Cr Critical damping coefficient N: sim Cr = 2V Km, < 255 

Force constant, spring constant Nim 
é Damping ratio — E= C/Cr= 

2V Km 
wn Resonant frequency radis 
Sn Resonant frequency Hz 
Q Quality factor — elk 
Q= 24 
FOUR DAMPING CASES 

Cases Behavior under free vibration and initial conditions C é 
Overdamped e “exponential decay C>Cr é>1 
Critically damped te ent C=Cr é= 
Under damped e “sin wt sinusoidal modulated delay C< Cr <1 
Zero damping sin w,t No decay oscillation C= ¿= 


SOLUTIONS UNDER IMPORTANT CASES 
Free vibration, initial conditions x(0) and x(0), no damping 
The governing equation is 
mx + kx=0 
The solution is 


(0 
x(t) = x(0) cos wnt + zO sin wnt 
Wn 
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Free vibration, initial conditions x(0) and x(0), critical damping 
The governing equation is 
mx + Crx + kx =0 
The solution is 


x(t) = x(0)e T + (x(0) + @,x(0))te e" 


Step function acceleration u(t) input with magnitude a, 
zero initial conditions, critical damping 


The governing equation is 
mx + Crx + kx = mau(t) 


The solution is 


a ai _ _ 
x(t) 5 ecm te on! 
On On On 


Especially, under steady state condition (after sufficient time), 


O a a ma 
Xs. s. o2 K K 


n 


m 
A system with higher resonant frequency and hence, greater bandwidth, will have a smaller re- 
sponse. The needs to have high bandwidth and high sensitivity are against one another. 

Sinusoidal input f(t) = F sin(wt), zero initial conditions, critical damping 
The governing equation is 

mx + Crx + kx = fit) 
In such case, we only care about the steady state part of the response. The transient response is 
rather complex. We know that when the system enters the steady state, the solution 

X;.5(t) = Asin (wt + 0) 


where the frequency will be same as driving frequency. 
The amplification factor, between the amplitude of the response A and the amplitude of 
the input F, is 


1 
T(@) = 
1e we — mo? + jJCrw 
with the magnitude being a function of the frequency w, 
1 


Vlo — mo”) + Cw 


|7(w)| = 


Appendix 3 


Sinusoidal input, f(t) = ma sin(@t). Zero initial conditions, any damping. 
The government equation is 
mx + Cx + kx = f(t) = m(t). 
In this case, the transfer function between x and fis 


X 1 
F ms?+Cstk 


T= 


The transfer function between x and a is 


X 1 1 
FRS C k Fos + oe 
2 +>s+— "4 ” 
m m 


If one replaces s with jw, the spectral response of T is 


1 1 
|T(w)| = = 
wn — o + jown V (w2 — 0) + 4€0°or 


EQUIVALENCY WITH ELECTRICAL SYSTEM 
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Electrical systems have many similarities with mechanical systems. For a second order electri- 
cal system with R, C, and L, the general differential equation is expressed in terms of voltage or 


current. The basic general equations for resistors, capacitors, and inductors are: 


Resistor, Ohm’s law, V = RI. 


d 
Capacitor, J = Capaci tan ce aN: 


Inductor, V = ey . 
dt 


APPENDIX 4 


Most Commonly Encountered 
Materials 


The most commonly encountered materials in MEMS for beginning students are summarized 
below, together with the representative conditions under which they are formed, the most com- 
mon preferential etchant or etching method, and the highest temperature the material can 
withstand in a process. 


Representative Common preferential Practical temperature 
Material forming condition etchant or etching method tolerance in a process! 
Gold thin film Metal evaporation under room Gold film etcher ~400°C (melting tempera- 
temperature and vacuum ture = 1064°C) 
Aluminum thin film Metal evaporation under H3PO,4 ~200°C (melting tempera- 


LPCVD silicon nitride 

LPCVD polycrystalline silicon 
LPCVD low temperature oxide 
Thermally grown silicon dioxide 


Photoresist (after 
lithography patterning) 


Parylene 


Polydimethylsiloxane (PDMS) 


Single crystal silicon substrate 


room temperature 


Hot wall, low pressure, 800°C. 


Hot wall, low pressure, ~600°C. 


Hot wall, low pressure, 500°C. 
900-1200°C 
Spin coating followed by 


development and hardbake 
at 80-120°C 


Chemical vapor deposition 
under room temperature 


Cast molding followed by 
curing (R.T. or 100°C 
elevated temperature) 

Melting (>1414°C) and 
recrystalization 


Hot 180°C HPO; solution 

Plasma etch 

Hydrofluoric acid 

Hydrofluoric acid 

Photoresist developer 

Oxygen plasma 

Oxidizing wet chemical 
(e.g., Piranha) 

Organic solvent Acetone 


None. Can be removed by 
oxygen ashing at 
elevated temperature. 


Wet chemical EDP 
Wet chemical KOH 
Gas etchant XeF2 


ture = 660°C) 
~1200°C 
~1200°C 
~1200°C 
~1200°C 


Reflows (softens) at 
~100°C 


120°C 


200°C 


~1200°C 


Tat high temperature and extended exposure time, a material may experience phase change, chemical reactions in the interior or on surface, and 
structural change. A material may be damaged, weaken, deform, oxidized, or it may react with neighboring layers. The temperature suggested in 
this column is a practical suggestion combining all these risks. It is not meant to be a precise and exhaustive “safety guideline” for processing, but 
rather its main purpose is to help new students to the MEMS field to develop a qualitative understanding about limits of materials. 
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Most Commonly Encountered 
Material Removal Process Steps 


The most commonly encountered MEMS material removal process steps for beginning stu- 
dents are summarized below, together with the typical process conditions. Each of the method 
is commonly applied for one type of target material due to consideration of etch rate and etch 
selectivity. Even though a target material is identified for each etching method, it is possible to 
use the etching methods on other materials. 

The following is a list of solution-based wet etching processes. 


Process name Process conditions Common target material 
Hydrofluoric acid wet etching Room temperature. Silicon dioxide 

Wet EDP silicon etching 90°C solution temperature in a reflux system. Single crystal silicon 
Wet KOH silicon etching 50—100°C solution temperature. Single crystal silicon 
Acetone etch Room temperature. Photoresist 

Photoresist developer Room temperature. Photoresist 

Hot H3PO, wet etch 180°C enclosed system. Silicon nitride 

HF vapor (high concentration) Room temperature exposure to HF vapor Silicon dioxide 


The following is a list of dry (gas-phase or vacuum-based) etching processes. 


Process name Process conditions Target material 

Oxygen plasma etching Room temperature. Pure oxygen plasma. Photoresist and organic polymers 
Plasma etching with SF, Room temperature. Silicon or polysilicon 

Plasma etching with CF, Room temperature. Silicon nitride 

Deep reactive ion etching Deep, high aspect ratio etching of silicon with Silicon 


the substrate kept at room temperature. 
XeF, silicon gas phase etching Room temperature. Silicon 
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APPENDIX 6 


A List of General Compatibility 
Between General Materials 
and Processes 


A list of general compatibility between most commonly used materials and most common 
process steps/methods. At the intersection of each etching method and material, the etch rate 
(in A/min) is listed. Other comments are also included if appropriate. 


LSS 


Material Silicon dioxide Single 
Gold thin thin film Silicon dioxide crystal Poly-crystal 
Process film Aluminum (thermally thin film silicon silicon Silicon nitride Hard baked 
(evaporated) thin film grown) (LPCVD) (substrate) (LPCVD) (LPCVD) Parylene Photoresist 

Concentrated 0 Slow (42) Fast (23000) Fast (14000) 0 0 Slow (140) 0 0,SC 

hydrofluic Acid 
Diluted HF (10:1) 0 Moderate Fast (230) Fast (340) 0 0 0 0 0, LP 

(2500) 
KOH, 80°C 0 Slow (77) Slow (94) Fast (14000) Fast (10000) 0 0 s 
EDP, 90°C! 0 if less than Slow (2) Slow (2) Fast (15000) Fast Slow (1) L S 
30 min 
H3PO, 160°C 0 Fast (9800) Slow (0.7) Slow (0.8) 0 0 Fast (30) Slow (0.55), S 
SC 

Acetone 0 0 0 0 0 0 0 L Fast (40000) 
Photoresist 0 0 0 0 0 0 0 0 Fast 

developer 
SF, plasma” 0,SC 0 Moderate Moderate Fast (5800) Fast (5800) Moderate Moderate Moderate 

(1200) (1200) (2000) (2400) (2400) 

CF, plasma? 0 0 Slow (700) Slow (700) Fast (1100) Fast (1900) Fast (1300) Slow Slow (690) 
Silicon DRIE 0 Slow (3) Slow (7) Fast (1500) Fast Slow (21) Slow (30) Slow (30) 

recipe 
O; plasma 0 0 0 0 0 0 0 Slow (220[1]- Fast (350- 

1000[2]) 3600)* 

Gold wet 28 0 0 0 0 0 0 0 0 

etchant? 
Aluminum 0 5500 0 0 0 0 0 0 0 

etchant® 
XeF, 0 0 0 0 Fast (4600) Fast (1600) 0 L 0 


'Transene PSE-200 

? Approximately 200W power input. 

3 Approximately 200W power input. 
‘Depending on power input. 

STFA Etchant from Transene Company. 


°Transene Aluminum Etchant (H3PO4 and HNO3) 
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Author’s Note: 


This information is generally compatible with published literature, including tables in [1, 3]. 
However, this table is highly condensed to make it easy for beginning students. 


However, the etch conditions and materials are kept generic on purpose. For example, 


instead of specifying four different DRIE conditions (with different gas mixture, power, pres- 
sure) as in [1], this table only considers one generic DRIE condition. 


REFERENCES 
1. 


The following symbols are used to indicate material interaction: 


NE: No Etch. This is different from zero etch rate. A NE status is more meaningful in 
some cases than indicating the etch rate is zero. 


SC: May cause surface change (color, appearance), structural change, or adhesion problems. 
L: Long term exposure may cause structural or surface changes. 
S: Short term exposure may cause structural or surface changes. 


Williams, K.R., K. Gupta, and M. Wasilik, Etch rates for micromachining processing-Part IT. Micro- 
electromechanical Systems, Journal of, 2003. 12(6): p. 761-778. 

Meng, E., P.-Y. Li, and Y.-C. Tai, Plasma removal of parylene C. Journal of Micromechanics and 
Microengineering, 2008. 18: p. 045004. 


Williams, K.R. and R.S. Muller, Etch rates for micromachining processing. Microelectromechanical 
Systems, Journal of, 1996. 5(4): p. 256-269. 


APPENDIX 7 


Comparison of Commercial 
Inertial Sensors 


Symbol: “—” means no product in a particular category. 
# of Axis (A: Freescale’ (in 
accelerometer; Analog STMicro- InvenSense* pressure and 
G: gyro) Devices! Electronics” (founded 2003) A only) MEMSIC> Bosch 
1 axis A (lowg) ADXL103 — — MMA1260EG — — 
+/-11.7G +/-1.5G 
1000 mV/g $3.56/10000pcs 
$ 8.19 
1 axis A (high g) — — — — — 
1 axis A (ultra ADXL 78 = = MMA1212EG = = 
high g) +/127G +/—200g 
16 mV/g $3.3/10000pcs 
$5.66 
2 axis A (low) ADXL203 LIS244AL +/1 2g — MMA62800T MXC62020JV — 
+/-1.7g Analog output +/-15G$N/A — +/—2G I2C 
1000mV/g $2.72 per 500 from web (end 2.7-3.6V 
$9.85 of life) $6.76/500 
+ pes 
2 axis A (high) ADXL321 LIS244ALH = MMA6331L MXR7202ML E 
+/1 18g +/1 6 g Analog +/— 4-12 g +/—10G 
57 mV/g $ 4.17 at $1/10000pcs LCC8 
$8.13 2940min $24.8/250 
+ pcs 
2 axis A (ultra ADXL 278 None — MMA3204 — — 
high G) +/-70g +/—30G 
27 mV/g $4.5/10000pcs 
$7.95 
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# of Axis (A: Freescale’ (in 
accelerometer; Analog STMicro- InvenSense? pressure and 
G: gyro) Devices! Electronics” (founded 2003) A only) Bosch 
3 axis A (low) ADXL327 LIS331DLF — MMA72600T BMA140 
+/12g +/12-8 2 $ +/-1.5G +/—4g 
420 mV/g $3.68/1000 pcs $ 3.35/10000 pes $2.58/1k pes 
$2.38 
3 axis A (high) ADXL326 LIS331HH = MMA7331L +/—4 BMA220 
+/1 16g +/— 6—24g $1/10000 pes +/-16g 
57mV/g digital $ 3.72 $1.65 
$2.38 per 1000 pcs 
1 axis G ADXRS624 LY330ALH LSZ-1215 E 
+/—50°/s +/—300 dps +/0 67 dps 
25 mV/*/s $5.41 per $2.5/1000pc 
$20.98 1000pcs 
1 axis G ADXRS620 LY3200ALH LSZ-650 E +/-SMG040 
+/1 300°/s +/1 2000 dps +/1 2000 dps 250 dps 
6 mV/*/s $5.41/1000pcs $2.5/each 
$20.98 
2 axis G = LPR430AL LXZ-500 = = 
+/1 300 dps +/—500dps 
$5.41/1000pcs $4/1000 pcs 
2 axis G = LPR4150AL LXZ-650 = = 
+/1 2000 dps +/—2000 dps 
$5.41/1000 pes $4/1000 pcs 
3 axis G = L3G4200D +/1 | MPU-3000 +/— — = 
150-2000 dps$ 250-2000 dps 
7.85/1000pes new product 
$N/A 
3 axis G — L3G540AH +/— ITG3200 +/— = — 
1500 dps $NA 2000 dps 
new product $12/each 


‘Pricing cited for 1000 pieces orders from the Analog Devices Web site. 
?Pricing cited for 500 pieces orders from sensor vendor Digi-Key. 


3Pricing cited for 1000 pieces orders from InvenSense Web site. 
‘Pricing cited for 10000 piece orders from the Freescale Web site. 
5Pricing cited from sensor vendor Newark. 


Author’s Note: 
This table is an unscientific snapshot of the inertial sensors market as of August 5, 2010. This table 
lists six major companies for both accelerometers and gyros. The devices are sorted according 
to the number of axis and their range. A reader can find a cross-comparison of representative 
devices in each category. 

Since the space is limited, only one representative product from each company can be 
listed in each category. Some companies may have more product offerings than others in a 
given category. 


Answers to Selected Problems 


Chapter 1 


12. 
14. 


91 uV for 100 Hz 


Displacement scales with L?. 


Chapter 3 


25. 
26. 


2.33 g/cm? 

220 um 

0.046 Q -cm 

4.6 X 104 Q -cm 

8.69 x 10!8 atoms/cm? 


. e = 0.04167% 

. 0.0014 N 

. Case a, Z = 1.067 x 10°19 N4 

. 20000 N/m 

. 4.167 X 10” m4, 9.24 x 10° 


3EI Ewi 

P 4P 
3EI Ew} 
12 Ê aÊ 


Chapter 4 


1. 


10. 
12. 


aA MeN 


c= £4 _ 885 x 10 x (100 x 10%}? 


d 1x 10° 

= 8.85 X 1071F for 1 wm separation 
Answer 1. 
(4) 
(3). 
0.3 V. 
34.46 kHz 
A = 847 X 10° m? 


Max displacement is 0.2 um. 


17. 


F 12EI Etwi 


Fl l l 
12EI 
Chapter 5 
2. Answer (1) 
3. 0.010265 m, 48.7 micrometers 
3EI\(1P\ _ 3EI 
4 F=kd= = 
Ge 
5. 2.5 xX 10m 
6. (4) 
7. B. 
y2 
15. Total power ——————— = 27.45W 
(Riong + Rshort) 
17. Total thermal resistance is 5.48 x 104 k/W. 
Chapter 6 
AR o GF 
1. R Ge = G E Ew 
3. (2) 
4. Max stress at fixed end is 480 Mpa. 
5. 33.9%. 
AR 
7. — = .95 = 95% 
R 9 9 
17. TMAH etches aluminum, a common metal con- 
ductor used in semiconductor and MEMS, at a 
much slower rate than EDP and KOH. 
Chapter 7 
Dı dyu F 
3a. V = ELp z Lp A 
3b. V = ELp 5 Lp =A 
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4. (L) = 


V 
Lda (tp + te)AeEcApEp 
p 


4(AeEe + ApEp)(Eply + Eele) + (te + tp) AeEcApEp 
ly 
6. gly) = F 


l 

p 
2dz31V(tp + te)(ApEpAeEe) 7- 

Pp 


A(Eply + Ecle)(ApEp + AcEe) + (ApEpAcEe)(tp + te)” 


6(L) = (lp) + (L — lp) sin [e(y)] 


d3zıtp 
10a. V = E3t, = —T; 
E€ 


Chapter 8 
5. H(0 = 20°) = 688.2 A/m 
6. 13 um. 
7. H=20 A/m 
59 x 1076 N- (6 x 107°? m)’ 
13. 5 36.3 um 


160 X 10° N/m? - 1073 m- (13 x 10™% m)’ 


dH JA 
14. — = 3.43 x 10° — 
dl m 


Chapter 10 


1. Width is 758 um. Length is 788 wm. 
2. 758 um. 

(2) 

Yes. Overlap. 

(2) 

(6) 

12. 8.7 um. 


Sg ee 


Chapter 11 


5. For the single crystal silicon beam, the length is 
259 um. The width is 1.737 wm. 


Chapter 14 


1.6 x 10° 
20 x 10°!2 


1. Flow velocity is 0.08 m/s = 80 mm/s. 


3. Laminar flow. 
5. 40 Mpa. 
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Acceleration sensing, 17 
Acceleration sensors, 461—462 
Accelerometers 
ADXL series accelerometer (Analog Devices), 5 
bulk micromachined single-crystal silicon, 
250-252 
cantilever piezoelectric, 285 
capacitive, 335 
interferometric, 339-340 
membrane piezoelectric, 287-288 
single-crystal silicon piezoresistive, 247-250 
thermal, with no moving mass, 248, 287 
torsional parallel-plate capacitive, 144-146 
tunneling, 335-336 
Acceptor, 74-75 
Acoustic sensors, 11, 289-292, 341, 418 
Acrylics, 451-453, 459, 490 
Acrylite, 451 
Active tuning of spring constant and resonant 
frequency, 115 
Actuators, 16-22, 127-129, 132-135, 156-157, 
166-167 
actuation methods, 21, 332-346 
availability of materials, 22 
bandwidth, 22, 114, 523 
bidirectional magnetic beam actuator, 325-326 
bidirectional magnetic beam actuator, 325-326 
bimorph actuators, 191 
displacement of, 132, 140, 184 
for object transport, 190-191 
cantilever piezoelectric actuator model, 273-276 
capacitive, 199 
comb-drive actuator 
with large displacement, 166-167 
for optical switching, 129 
comb drives, 129 
design and selection criteria 
dynamic response speed, 22, 129, 182 
ease of fabrication, 22 
electrostatic, 127-129 
and environmental stability, 22 
footprint, 22, 190 
hybrid magnetic actuator with position 
holding, 326-328 
lateral thermal, 192-193 
and linearity of displacement, 22 
MEMS magnetic actuator case studies, 317-328 
micromagnetic 
selected principles of, 307-311 
optical MEMS, 8-9 
for large in-plane translation motion, 96 
for out-of-plane rotation, 96 
for small out-of-plane translation, 96 
parallel-plate, 129, 135-140, 156-157 
pull-in effect of, 135-140 
parallel-plate actuators, 135-140, 156-157 
power consumption and energy efficiency, 22 
range of motion, 22 
rotational, 166 
thermal, 191-193 
applications, 198-221 
with a single material, 191-193 
torque and force output capacity, 22 
ADXL series accelerometer (Analog Devices), 5 
Aluminum nitride (AIN), 284 
Amorphous silicon, 50 
Angular vertical comb drive (AVC), 166-167 
Anisotropically etched grooves 


Anisotropic wet etching, 353-376 
chemicals for, 371-376 
design methodology summary, 369-371 
interaction of etching profiles from isolated 
patterns, 367-369 
tules of, 353-359 
complex structures, 359-366 
simple structures, 353-359 
Anodic bonding 
Antistiction methods, 402-403 
Application 
comb drives 
actuators, 166 
inertia sensors, 285-288 
flow sensors, 293-295 
inertia sensors, 285-288 
infrared sensors, 214-217 
microfluidics, 477-478 
optical MEMS, 8-9, 12 
advantages of using MEMS, 12-13 
other sensors, 217-221 
parallel-plate capacitors, 140-157 
flow sensors, 151-154 
inertia sensor, 141-146 
parallel-plate actuators, 156-157 
pressure sensor, 252-254 
tactile sensors, 254-257 
piezoelectricity, 269-271, 276, 282 
acoustic sensors, 289-292 
flow sensors, 293-295 
inertia sensors, 285-288 
surface elastic waves, 295-296 
tactile sensors, 292-293 
piezoresistive sensors, 246-261 
flow sensors, 257-262 
inertia sensors, 246-252 
pressure sensors, 252-254 
tactile sensors, 254-257 
polymer MEMS, 461-471 
acceleration sensors, 461—463 
flow sensors, 467—469 
pressure sensors, 463-467 
tactile sensors, 469-471 
Application pull, 140-141 
Atomic force microscope (AFM), 424 
Atomic resolution lithography, 424 
Availability of materials, actuators, 22 


Backplate, 517-518 
Bandgap, 72-73 
Bandwidth 
actuator, 9 
sensor, 10-11 
Beams 
deflection of, 98-99 
force constants of, 103 
frequently used formulas for 
magnetic beam actuation, 321-323 
neutral surface of, 97 
suspended beams and plates, 412 
types of, 94-96 
Bidirectional magnetic beam actuator, 325-326 
Bimetallic structure for infrared sensing, 
215-217 
Bimorph artificial cilia actuator, 188-190 
Binary optical lenses, 8 
Binnig, Gerd, 424 
Biodegradable polymer, 460 


Biology concepts, 478-481 
cells, 478-479 
DNA, 479 
lock-and-key biological binding, 480 
molecular and cellular tags, 480-481 
protein, 479-480 
BioMEMS, 8, 10, 12 
Bonding 
anodic, 47, 155 
eutectic, 47, 530 
fusion, 47, 492 
mechanical, 47 
solder, 47 
wafer, 46-53, 55-57, 60-61, 149 
wafer-to-wafer, 46-47, 490, 517 
Boron-doped silicon, 74, 216, 437-438 
Bulk crystal silicon, manufacture of, 34 
Bulk etching solutions and methods, properties 
of, 352 
Bulk micromachined single-crystal silicon 
accelerometer, 250-252 
Bulk micromachining, 50, 351-379 
definition, 351-352 
Bulk polymers, 451, 470 
Bulk silicon etching, 351 
Bulk silicon substrate (single-crystalline silicon), 3 


Cady, Walter, 270 
Cantilever piezoelectric accelerometer, 285-287 
Cantilever piezoelectric actuator model, 273-276 
Cantilevers, 95, 217-221 
for data storage and retrieval, 217-221 
flexural cantilevers, stress in, 238-244 
with optical interference position sensing, 340 
with parallel arms, 102 
Capacitive accelerometer, 142-146 
Capacitive actuators, 129, 335 
Capacitive boundary-layer shear stress sensor, 
151-154 
Capacitors, 140, 157-162 
defined, 140 
interdigitated finger capacitors, 157-162 
parallel-plate capacitors, 140-157 
Carrier mobility, 76 
Case studies of MEMS products 
acceleration sensors, 517-522 
analog devices and MEMSIC, 513-524 
blood pressure (BP) sensor, 512-513 
NovaSensor BP sensor, 514-516 
gyroscopes, 524-529 
InvenSense, 530-531 
microphone, 516-517 
Knowles microphone, 518 
Cells, 478-479 
Channels, 483, 489-492 
comparison of methods for making, 492 
electrophoresis in microchannels, 493-495 
gas chromatography channels, 492-493 
neuron probes with, 495-498 
Parylene surface micromachined micro 
channels, 500 
PDMS microfluid channels, 498-499 
Charge carrier concentration calculation of, 72-75 
example of, 75 
Chemical domain, 16 
Chemical field-effect transistors (ChemFET), 71 
Chemical vapor deposition (CVD), 396-397, 459 
Chemical vapor deposition methods (CVDs), 50 
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ChemSensing, 18 
Chips, defined, 33, 38, 55 
Chromatography, defined, 492-493 
Circuits integration, 15 
Coefficients of thermal expansion (CTE), 184 
Cold arm, 192-193 
Color ink-jet printing, 3 
Comb drives, 129, 162, 166, 523 
applications 
actuators, 127 
inertia sensors, 162-164 
comb-drive accelerometer, 164-166 
sensitivity of, 165 
comb-drive actuato with large displacement, 
166-167 
defined, 129 
Conductive polymers, 453, 461 
Conductive SPM tips, 424—425 
Conductivity, 71-78 
associated with holes, 77 
calculation of, 72,75, 78 
carrier mobility, 76 
drift, 19,75 
mean free path, 76 
mean free time, 76-77 
Convection transfer coefficients, 178 
Converse effect of piezoelectricity, 269 
Corner compensation, 267 
Cross-sensitivity, actuators, 17,22 
Cross talk, sensors, 257 
Crystal planes and orientation, 79-82 
Cured polyimide films, 455 
Curie, Pierre and Jacques, 269 
Curie point, 270 
Curie temperature, 270, 277 
Cytop, 453 


Deep reactive ion etching (DRIE), 376-377, 
412, 463 

Deionized water, 64 

Denaturation, 480 

Dendritic polymer, 401 

Deposition profiles, 59-60 

Design methodology, 369-371 

Developer, 36, 40 

Diamagnetic materials, 304 

Diamond thin films, 58 

Diaphragm, 2, 107 

Dielectrophoresis, 487—489 

Dielectrophoresis force, 487 

Diffraction gratings, 8 

Digital Light Processing (DLP) chip, 5, 7-8, 15 

Digital micromirrors, 8 

Dip Pen Nanolithography (DPN), 425 

Direct effect of piezoelectricity, 469-470 

Directions, summary of notation for, 81 

DMD chip (Texas Instruments), 130 

DNA, 425, 479 

DNA sequence identification, 2, 10, 18 

Domain walls, 50 

Donor, 74 

Doping, 44-45 

Drift, 19,75 

sensors, 18-20 
Dry etching, 376-377 
of silicon, 377 

Dynamic range, sensors, 19, 255,292 

Dynamic response speed, actuators, 22 

Dynamic viscosity, 151, 482 


EDP (ethylene diamine pyrocatechol), 371 
Elastic deformation regime, 87 
Elastomeric polymers, 498 


Elastomers, 452, 457 
Electrets, 129 
Electrical domain, 16-17 
Electrical properties, of metal thin films, 184 
Electric double layer, 486 
Electroactive polymers, 461 
Electrohydrodynamic effect, and fluid movement 
in channels, 483 
Electrokinetic flow, 486 
Electromechanical coupling coefficient, 273 
Electron-hole pair generation, 73 
Electroosmotic effect (EO), and fluid movement 
in channels, 73 
Electroosmotic flow (EOF) micropumps, 486 
Electrophoresis, 487-489 
in microchannels, 493-495 
Electrophoresis force, 487 
Electroplating, 52, 145 
bath constitution for representative magnetic 
materials (table), 314 
Electrostatic actuation, 129, 188, 333, 441 
advantages/disadvantages of, 128-129 
Electrostatic actuator, equilibrium position of, 
under bias, 132-135 
Electrostatic force microscopy (EFM), 425 
Electrostatic forces, 127 
Electrostatic motor, operation principle of, 128 
Electrostatic sensing, 127-168 
Electrostatic sensors and actuators, 127-129 
advantages of, 128 
comb-drive devices, applications of, 159, 162 
disadvantages of, 129 
interdigitated finger capacitors, 157-162 
parallel-plate capacitors, 129-157 
Electrowetting, 483 
Elemental metals, as sacrificial layers/structural 
layers, 399 
Energy domains, 16-18 
Energy transduction, 16-17 
Environmental stability, and actuators, 22 
EPON® Resin SU-8 (Shell Chemical), 456 
Epoxies, 451 
Epson, yearly sales figures attributed to MEMS 
technology, 3, 11 
EPW (ethylenediamine pyrocatechol and 
water), 371 
Equilibrium position, calculation of, 132-135 
Etch holes, 400-401 
Etching profiles from isolated patterns, 367-369 
Etch rate, 59, 371-372 
Etch rate selectivity, 29, 380 
Etch stop layer, 379 
Eutectic bonding, 47, 530 
Extrinsic semiconductor material, 73 


Fatigue, 89-90 
Febry-Perot cavity, 338 
Ferromagnetic materials, 304, 312 
Feynman, Richard, 54 
Fiber-based sensing, 337 
Field-effect transistor (FET), 342 
displacement using the gate of, 343-345 
Fixed boundary condition, 94 
Fixed-fixed beams (bridges), 95, 115 
Fixed-free beams (cantilevers), 115 
Fixed-guided beams, 95, 103 
Flexural beam bending analysis 
beams, 93-103 
deflection of, 93 
longitudinal strain under pure bending, 96-98 
under simple loading conditions, 93-103 
spring constants, finding, 99, 103-104 
types of, 93 


Flexural cantilevers, stress in, 238-241 
Flicker noise, 20 
Flow resistance, 484 
Flow sensors, 151, 201-202, 293 
Fluid diodes, 484 
Fluid mechanics concepts, 481-489 
dielectrophoresis, 487-489 
electrokinetic flow, 486 
electrophoresis, 487—489 
fluid movement in channels, methods for, 483 
pressure driven flow, 483-485 
Reynolds number, 481-482 
viscosity, 481-482 
Fluid shear stress, 484 
Fluorocarbons, 451 
1/f noise, 20, 335-336, 340, 435 
Footprint, actuators, 22 
Force constant, defined, 99 
Forced thermal convection, 178 
Force microscopy, 425 
Foundry process, 12 
Free boundary conditions, 94, 423 
Freescale Semiconductor, yearly sales figures 
attributed to MEMS technology, 11 
Free-space light beams, sensing with, 337-338 
Free-space optical interconnects, between fiber 
bundles for dynamic routing, 9 
Frequency modulation, 345 
Fusion bonding, 47, 492 


Gas chromatography channels, 492-493 

Gas-phase etchants, 377-378 

Gas-phase etching of silicon, 377-378 

Gas-phase plasma etching, 376-377 
gases and byproducts, 378 

Gate oxide layer, 49 

Gauge factor, 232-233 

Gauss, 20, 205 

General thermal transfer principles, 176 

Generic microfabrication process, for realizing a 

field-effect transistor, 47 

Genes, 479 

Glass chips, 490 

Gouy-—Chapman layer, 486 

Grain boundaries, 50 

Guided boundary conditions, 94 

Gyroscopes, 6, 524 


Hall measurement, 303 
Hard bake, 52 
Hard magnets, 304-305 
Heat capacity, 182 
Heat sink, 181,199 
Hewlett-Packard, 3 
yearly sales figures attributed to MEMS 
technology, 11 
Hexamethyldisilazane (HMDS), 51 
High aspect-ratio combined poly-and single- 
crystal silicon (HARPSS) process, 416-417 
HNA, 258 
Holes, 72 
conductivity associated with, 77 
etch, 374, 377 
mobility of, 77 
Hot arm, 192-193 
Hot-wire anemometry (HWA), 202-205 
Hybrid magnetic actuator with position holding, 
326-328 
Hydrophobic surface treatments, 403 
Hyper branched polymers (HBPs), 401 


IC-centric foundries, 524 
Inertia sensors, 141, 162, 199, 285 


Infrared sensors, 214 
Ink-jet printers, 4 
In situ doping, 73 
Integrated circuits, 2 
Integrated inertia sensors (Analog Devices), 5 
Integration 

circuits, 15 

microelectronics, 15 
monolithic, 15 
of mechanical and circuit elements, 56 

Interdigitated fingers (IDT), 157 

defined, 157 
Interferometric accelerometer, 339-340 
Interferometric filters, 8 
Interferometric sensing, membrane displacement 

sensor with, 341-342 

Internal friction, 114 
International conferences, 12 
Intrinsic semiconductor material, 73 
Intrinsic stress, 306-311 
Inverse effect of piezoelectricity, 269, 272 
Ionization, 73 
Ionized acceptor atoms, 74 
Ionized donor atoms, 74 
Isotropic etching, 379 
Isotropic wet etching, 208, 351,377 


Johnson noise, 20 


Kapton, HN-type, 455 

Kelvin, Lord, 231, 269 

Kinematic viscosity, 481 

KOH (potassium hydroxide), 371 


“Laboratoryon-a-chip”, 12,501 

Laminar flow, 482 

Large-angle mirrors, 300 

Lateral comb drives, 167 

Lateral force microscopy (LFM), 425 

Lateral thermal actuators, 192-193 

LCP piezoresistive flow sensor, 468-469 

Lexmark, yearly sales figures attributed to 
MEMS technology, 11 

LIGA process, 456 

Linear expansion coefficient, 182 

Linearity of displacement, and actuators, 22 

Linearity, sensors, 19 

Liquid crystal display (LCD) technology, 7 

Liquid crystal polymer (LCP), 456-457 

Lithium niobate (LiNbO3), 277 

Lock-and-key biological binding, 480 

Long-chain polymers, 451 

Longitudinal comb drive, 161-162 

Longitudinal gauge factor, 233, 237 

Longitudinal piezoresistivity, 233 

Longitudinal strain under pure bending, 96-99 

Lorentz force on a current-carrying wire, 307 


Low-pressure chemical vapor deposition (LPCVD): 


thin films by, 396-397 
alternative methods, 398 
polycrystalline silicon, 390 
process parameter control, 398 
silicon dioxide, 398 
silicon nitride, 398 
Low-temperature silicon adhesive bonding, 47 
Low-temperature silicon direct bonding, 47 
LPCVD, See Low-pressure chemical vapor 
deposition (LPCVD) 
Lucas NovaSensor, 514-516 
Lucite, 451 


Magnetic actuation, 21, 303-331 
advantage of, 315-316 


Magnetic assisted three-dimensional assembly, 3, 
316-317, 351-352 
Magnetic beam actuation, 321-323 
Magnetic coil 
design and fabrication of, 314-317 
multiple-layer planar coil, 316 
three-dimensional, 316 
Magnetic domain, 16 
Magnetic field density, 304 
Magnetic field intensity, 304 
Magnetic flux density, 304 
Magnetic induction, 304 
Magnetic motor, 318-321 
Magnetic polymer composite, 313-314 
Magnetic sensing and actuation, 303 
essential concepts and principles, 303-311 
Magnetic torque, 308 
Magnetism, study of, 303 
Magnetization, 303 
bidirectional magnetic beam actuator, 325-326 
hybrid magnetic actuator with position 
holding, 326-328 
Lorentz force on a current-carrying wire, 307-308 
magnetic beam actuation, 321-323 
magnetic motor, 318-321 
MEMS magnetic actuator case studies, 317-328 
micromagnetic actuators, selected principles 
of, 307 
micromagnetic components, fabrication 
of, 312-317 
multiaxis plate torsion using on-chip 
inductors, 324-325 
nonuniform magnetic field, 308 
plate torsion with Lorentz force actuation, 
323-324 
shape anisotropy, 310 
uniform magnetic field, 308 
unit analysis, 308 
Magnetization hysteresis curve, 305-307 
Magnetohydrodynamic (MHD) effect, and fluid 
movement in channels, 483 
Magnetorhelogical pumping, and fluid movement 
in channels, 483 
Majority carrier, 74 
Material properties, 411-412 
Material safety data sheet (MSDS), 61 
Mean free path, 76 
Mean free time, 76 
Mean-stream velocity, 484 
Mechanical bonding, 47 
Mechanical depolarization, 270 
Mechanical domain, 16 
Mechatronics, 116 
Membrane capacitive condenser microphone, 
149-151 
Membrane parallel-plate pressure sensor, 146-148 
Membrane piezoelectric accelerometer, 287-288 
Membranes 
frequently used formulas for, 484—485 
stress in, 244-246 
Membrane-type translational mirror, 410, 418 
MEMS-centric foundries, 523 
MEMS technology management, 516-517, 533 
Mer units, 451 
Metal piezoresistive flow-rate sensor, 260-262 
Michelson interferometer, 338 
Microchannels, electrophoresis in, 493—495 
Microelectromechanical systems (MEMS), See 
also Microfabrication 
actuators, 11-12, 21-22 
actuation methods, 21 
design and selection criteria, 22 
applications, 1 
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BioMEMS, 8, 10, 12 
community of researchers, growth of, 12 
conventional macroscale machining, compared 
to MEMS process, 36 
dedicated MEMS services, 11-12 
energy domains, 16-18 
history of development, 1-12 
integrated circuit (IC) technology, 1 
intrinsic characteristics of, 13-15 
mass fabrication with precision, 15 
MEMS technology management, 516-517, 533 
microelectronics integration, 15 
miniaturization, 13-15 
multi-user MEMS processes (or MUMPS), 329 
optical MEMS, 8-9, 12 
polymer MEMS, 235, 451-476 
practical factors affecting yield of, 443-444 
product development, 531-534 
radio frequency (RF) MEMS, 8, 10 
representative major branches of MEMS 
technology, 8 
sensors, 16-21 
categories of, 18 
characteristics of, 18-20 
silicon-based MEMS processes, 49-55 
suggested courses and books, 116-117 
transducers, 16-18 
yearly sales figures attributed to MEMS 
technology, 11 
Microelectronics fabrication process, 47—49 
Microelectronics integration, 15 
Microfabricated neuron probes, 496 
Microfabrication, 33-69, 422, 495 
chemical and temperature compatibility, 
62-63 
microelectronics fabrication process, 47-49 
nanostructure patterning techniques, 58 
new materials and fabrication process, 57-58 
overview of, 33-37 
points of consideration for processing, 59-61 
silicon-based MEMS processes, 49-55 
technology, 2 
Microfluidics, 8 
applications, 477-510 
basic fluid mechanics concepts, 481—489 
dielectrophoresis, 487—489 
electrokinetic flow, 486 
electrophoresis, 487—489 
fluid movement in channels, methods 
for, 483 
pressure driven flow, 483-485 
Reynolds number, 481-482 
viscosity, 481-482 
channels, 489-500 
comparison of methods for making, 492 
electrophoresis in microchannels, 493-495 
gas chromatography channels, 492-493 
neuron probes with, 495-498 
Parylene surface micromachined micro 
channels, 463-467 
PDMS microfluid channels, 498-499 
defined, 477 
essential biology concepts, 478-481 
microfluid platforms,, benefits of, 478 
motivation for, 477-478 
valves, 501-504 
PDMS pneumatic valves, 502-504 
Micromachined optical switches, 9 
Micromachined pressure sensors 
process for, 252 
Micromachining, defined, 3 
Micromagnetic actuators, 303 
selected principles of, 307-311 
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Micromagnetic component 
fabrication of, 312-317 
deposition of magnetic materials, 312-314 
magnetic coil, design and fabrication, 314-317 
Micromechanical devices, 15 
Micromirrors 
digital, 7 
integrated with solid-state light sources, 7 
rotational scanning, 324 
Micromotor fabrication, 390-395 
Micromotor fabrication process 
first pass, 390-391 
second pass, 391-392 
third pass, 392-395 
Microoptoelectromechanical systems and devices 
(MOEMS), 8 
Microrotary motors, 5 
Micrototal analysis system, 477—478 
Miller Indices, 80 
Miniaturization, 13-15 
Mobility, 76-77 
Modulus of elasticity, 86 
Molecular and cellular tags, 480-481 
Moment, 82-83 
Moments of inertia, 97-98 
Monolithic integration, 15 
Moore, Gordon, 1 
Moore’s Law, 1-2 
Multi-axis capacitive tactile sensor, 154-156 
Multi-axis piezoresistive tactile sensor, 255-257 
Multi-axis plate torsion using on-chip inductors, 
324-325 
Multimodal polymer-based tactile sensor, 469-471 
Multi-User MEMS Processes (or MUMPS), 329 


Nano electromechanical systems (NEMS), 
8, 15,58 

Nanoimprint lithography, 58 

Nano whittling, 58 

Nathanson, Harvey, 2 

Native oxide, 351, 378 

Natural (passive) thermal convection, 178 

Neuron probes, 13, 495, 505 

Neutral axis, 97-98, 109, 238, 241, 437, 466 

Neutral surface, of beams, 97 

Newton’s Laws, 82 

Non-slip boundary condition, 484 

Non-uniform magnetic field, 308, 310-311, 321 

Normal stress, 236, 238, 255, 257, 264, 266, 
271-272, 282, 292 

N-type material, 514 

Nucleotides, 479 


Olfactory sensing, 17-18 
Optical communication, and microfluidics, 8, 478 
Optical diffraction, 339, 342 
Optical fibers, and sensors, 337 
Optical interferometry, position sensing with, 338 
Optical lever, 338, 347, 428 
Optical MEMS, 8-9, 30 
actuators, 12 
for large in-plane translation motion, 22, 96,336 
for out-of-plane rotation, 6, 81, 104, 311, 
524-526 
for small out-of-plane translation, 96 
applications 
advantages of using MEMS for, 336 
large-angle mirrors, 8 
large-scale commercialization effort in field, 9 
lenses, 8-9, 12 
microfabricated refractive lenses, 37 
low-voltage, large angular rotation, 104, 524 
membrane-type translational mirror, 2 


microlenses, method of forming, 41, 171, 427 
micromirrors integrated with solidstate light 
sources, 8 
mirrors 
optical mirror performance, effect of etch 
holes on, 129, 400-401 
passive MEMS optical components, 9 
passive optical alignment, 9 
passive optical MEMS components, 9 
Optical scanning mirrors, 8 
Optical sensing, 153, 336, 348, 472 
Organic polymer materials, 58 
Organic semiconductors, 72 


Paraffin, 460 
Parallel-plate actuators, 156-157 
pull-in effect of, 135-140 
Parallel-plate capacitors 
applications, 140-157 
flow sensors, 151-154 
inertia sensor, 141-146 
parallel-plate actuators, 156-157 
pressure sensor, 146-151 
tactile sensors, 154-156 
capacitance sensor response, 141 
capacitance value, calculating, 131-132 
electrostatic actuator, equilibrium position of, 
under bias, 132-135 
parallel-plate capacitive accelerometer, 142-144 
parallel plates, capacitance of, 129-132 
pull-in effect of, 135, 137 
torsional parallel-plate capacitive 
accelerometer, 144-146 
Paramagnetic materials, 304 
Parylene, 399-400, 459 
Parylene deposition, process monitor for, 218-221 
Parylene sacrificial layer, 399 
Parylene surface micromachined micro channels, 500 
Parylene surface micromachined pressure 
sensor, 463-467 
Passive MEMS optical components 
passive optical alignment 
passive optical MEMS components 
Passive thermal convection, 178 
PDMS microfluid channels, 498-499 
PDMS pneumatic valves, 502-504 
Peltier coefficient, 196 
Permalloy, 204-205, 261 
Permanent magnet, 308-309, 324-325, 327 
Petersen, Kurt, 2 
Phase modulators, 8 
Phenolics, 451 
Phosphosilicate glass (PSG), 209, 286, 395, 398 
Photolithographic patterning method, 34 
Photolithography, and MEMS technology, 15 
Photopatternable gelatin, 461 
Photoresists, 52 
Photosensitive polymer (photoresist), 52 
Photovoltaic electrochemical etch stop technique 
(PHET), 372 
Piezoelectric actuation, 21, 311, 318, 333, 346, 441 
Piezoelectric flow-rate sensor, 293-295 
Piezoelectricity 
applications, 285-296 
acoustic sensors, 289-292 
flow sensors, 293-295 
inertia sensors, 285-288 
surface elastic waves, 295-296 
tactile sensors, 292-293 
cantilever piezoelectric accelerometer, 285-287 
cantilever piezoelectric actuator model, 273-276 
direct effect of, 269-270, 282 
inverse effect of, 269, 272 


mathematical description of piezoelectric 
effects, 271-273 
membrane piezoelectric accelerometer, 287-288 
piezoelectric beam, bending of, 275-276 
piezoelectric coefficient matrix, 272,277 
piezoelectric crystals, 270-271 
piezoelectric effects, 269-271 
mathematical description of, 271-273 
piezoelectric flow-rate sensor, 293-295 
piezoelectric materials, properties of, 276-285 
poling, 270-271, 288 
polymer piezoelectric tactile sensor, 292-293 
PZT piezoelectric acoustic sensor, 289-290 
PZT piezoelectric microphone, 290-292 
Piezoelectric materials, properties of, 276-285 
PVDF, 279, 292 
PZT, 278-279, 290-292 
quartz, 276-277 
ZnO material, 280-282 
Piezoelectric polymers, 461 
Piezoelectric sensing and actuation, 269-296 
background, 269-271 
Piezoresistive flow shear stress sensor, 257-259 
Piezoresistive sensing, 332-333 
Piezoresistive sensors, 231-262 
applications, 246-262 
flow sensors, 257-262 
inertia sensors, 246-252, 285-288 
pressure sensors, 252-254, 289-292 
tactile sensors, 254-257, 292-293 
bulk micromachined single-crystal silicon 
accelerometer 
metal piezoresistive flow-rate sensor, 260-262 
piezoresistive flow shear stress sensor, 257-259 
single-crystal silicon piezoresistive 
accelerometers, 247-250 
surface micromachined piezoresistive pressure 
sensor, 252-254 
Piezoresistivity, 231-262 
defined, 231-234 
origin and expression of, 231-234 
piezoresistive sensor materials, 234-238 
metal strain gauges, 234-235 
polycrystalline silicon, 238 
single-crystal silicon, 247-250 
stress analysis of mechanical elements, 238-246 
Pink noise, 20 
Planes, summary of notation for, 81 
Plasma-enhanced chemical-vapor deposition 
(PECVD), 50, 256, 295, 397 
Plasma etching, 43-44 
Plastic deformation magnetic assembly 
(PDMA), 204 
Plate torsion with Lorentz force actuation, 323-324 
PMMA, 459 
Poisson’s ratio, defined, 86 
Poling, 270 
Polycarbonate, 460 
Polycrystalline germanium, 72, 399 
Polycrystalline silicon, 2-3, 49-50, 238 
Polydimethylsiloxane (PDMS), 498 
Poly (dimethylsiloxane) (PDMS), 457-459 
precision patterning of, 458-459 
Polyesters, 451 
Polyethylene, 451 
Polyimides, 455 
Polymer materials, 57-58, 452-454, 460-461 
Polymer MEMS, 451-471 
applications, 461-471 
acceleration sensors, 461—463 
flow sensors, 467-469 
pressure sensors, 463—467 
tactile sensors, 469-471 


LCP piezoresistive flow sensor, 468-469 
multimodal polymer-based tactile sensor, 
469-471 
Parylene surface micromachined pressure 
sensor, 463—467 
silicon accelerometer with Parylene beam, 
461-463 
Polymer piezoelectric tactile sensor, 292-293 
Polymers, 451-504 
biodegradable, 460 
biodegradable polymer materials, 460 
bulk, 470 
conductive, 461 
dendritic, 401 
elastomeric, 502 
electroactive, 461 
fluorocarbons, 451 
liquid crystal polymer (LCP), 456-457 
long-chain, 403 
mechanical properties of, 452 
mobility of charge carriers in, 453 
naturally occurring, 451 
organic, 453 
paraffin, 460 
Parylene, 490 
photopatternable gelatin, 461 
piezoelectric polymers, 461 
PMMA, 459 
polycarbonate, 460 
poly (dimethylsiloxane) (PDMS), 457 
polyimides, 455 
polypyrrole, 453, 461 
polyurethanes, 461 
polyvinylidene fluoride, 461 
properties of, 452, 454—455 
shape memory, 461 
shrinkable polystyrene film, 461 
SU-8, 455-456 
synthetic, 451 
viscoelastic behavior of polymers, 453 
Polymer thin films, 399 
Polymethylmethacrylate (PMMA), 451 
Polypeptide, 479 
Polypropylene, 451 
Polypyrrole, 453, 461 
Polysilicon, 490 
Polysilicon (polySi/poly), 490 
Polystyrene, 451, 461 
Polyurethanes, 461 
Polyvinyl chloride (PVC), 451 
Polyvinylidene fluoride, 461 
Polyvinylidenfluoride (PVDF), 279 
Porous silicon, 401, 497 
Pressure differences, and fluid movement in 
channels, 483, 496 
Pressure driven flow, 483-485 
Pressure sensor fabrication process, 53 
Pressure sensors, 2-3, 58, 146-151, 252-254 
Process monitors, 111 
Process parameter control, 398 
Process synthesis, 410-411 
for cantilevers 
fabrication methods, 425—427 
with integrated sensors, 432-438 
with integrated tips, 427-432 
SPM probes with actuators, 438-443 
SPM technologies case motivation, 423-425 
for membranes, 418-423 
for suspension beams, 412-417 
Process yield, 22, 36, 379, 443 
Projection display, 5,7 
Protein, 479-480 
Pull-in voltage, 135-137 


Pure bending, 96-97 

PVDF, 292 

PZT, 278-279 

PZT piezoelectric acoustic sensor, 289-290 
PZT piezoelectric microphone, 290-292 


Quality factor, 15, 89, 111, 113-114, 123, 125, 433, 
522,529 

Quartz, 39, 41-42, 269-270, 276-277, 301, 342, 377, 
397,524 

Quate, Calvin, 439 


Radiation, 5, 16-17, 52, 72, 176-180, 182, 214-216, 
222-223, 229, 480 
Radiative domain, 16 
Radio frequency resonance sensing, 345-346 
Radio Frequency (RF) MEMS, 8 
“Raindrop-on-a-tin-roof” noise, 20 
Reactive ion etching (RIE), 205, 286 
Recombination, 73 
Reflux system, 371 
Reliability, sensors, 19 
Remnance, 304-305 
Resist, 39-40, 47—49, 52, 148, 400, 455, 459, 
464—465, 474, 508 
Resistance value 
determining, 231-232 
Resonance mode pressure sensor, 345 
Resonant frequency, 114 
active tuning of, 115 
example, 115 
Resonant gate transistor (RGT), 2 
Resonators, 10-12, 15, 57, 114, 125-126, 173, 412, 
416, 532 
Responsivity, sensors, 17 
Reynolds number, 481-482, 485, 504 
Robert Bosch GmbH, 377 
Roll-off, 113 
Roll-to-roll printing, 58 
Rotational acceleration sensors, 6-7 
Rotational actuator, 156 
RTV silicone (GE Silicones), 498 


Sacrificial etch, acceleration of, 400-401 
Sacrificial etching process, 389-390 
Sacrificial layer, 54-55 
Sacrificial surface micromachining, 54 
Saturation magnetization, 304-305 
Scaling laws 
of area-to-volume ratio, 14 
of a spring constant, 13-14 
Scanning acoustic microscope, 334, 353, 
423-425, 444 
Scanning force microscopes, 444 
Scanning Hall-effect microscope, 303 
Scanning probe microscopy (SPM), 334, 
353, 423 
cantilevers with integrated tips, 427-428 
alternative techniques, 431 
general design considerations, 444 
general fabrication strategies, 427-428 
force microscopy, 424—425 
general fabrication methods for tips, 425-427 
mold-and-transfer process for SPM 
fabrication, 446 
SPM family, 423-424 
conductive SPM tips, 426 
electrostatic force microscopy (EFM), 424-425 
lateral force microscopy (LFM), 425 
magnetic force microscope (MFM), 425 
near-field scanning optical microscopy 
(NSOM), 425 
scanning Hall-effect microscope, 303 
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SPM probes, 423-425, 427-429, 432-433 
with actuators, 438-443 
nanolithography probe with thermal 
actuation, 441-443 
with piezoelectric sensing and actuation, 
439-440 
with sensors, 433 
silicon cantilevers for, 433-437 
ultra-thin silicon cantilevers for, 437-438 
tips, 423-429 
general fabrication methods for, 425—427 
Scanning thermal microscopy, 425 
Scanning tunneling microscope (STM), 334, 424, 444 
Scratch-drive actuator (SDA), 157 
Screen printing, 58, 278 
Seebeck coefficient, 193-196 
of common industrial thermal couple 
materials, 195 
of silicon, 195 
Seedlayer, 313, 320, 322 
Selectivity, etch rate, 59 
Self-assembled monolayer (SAM), 403 
Self-heating, 197-198 
Self-limiting stable profile (SLSP), 356 
Semiconductor processing equipment, 39 
Semiconductors: 
bandgap, 72-73 
charge carrier concentration, calculation of, 72-75 
conductivity of, 71-79 
extrinsic semiconductor material, 73 
hole, 72 
intrinsic semiconductor material, 73 
majority carrier, 74 
materials, 71-72 
n-type material, 74 
organic, 72 
p-type material, 197 
Semiconductor silicon, 71-72, 77, 232 
Sensing and actuation methods, relative 
advantages and disadvantages of electrostatic 
sensing, comparison of, 332-333 
Sensitivity, sensors, 19, 146, 154,252,519 
Sensors, 11-12, 16-22 
acceleration, 461-463 
acoustic, 289-292 
capacitive boundary-layer shear stress, 151-154 
categories of, 246 
characteristics of, 18-20 
cross talk, 257 
development cost and time, 19-20 
dynamic range, 19 
electrostatic, 127-167 
flow, 151-154, 201-213, 257-262, 293-295, 
467-469 
inertia, 141-146, 162-166, 199-201, 246-252, 
285-288 
infrared, 214-217 
membrane parallel-plate pressure, 146-151 
metal piezoresistive flow-rate, 260-262 
multi-axis capacitive tactile, 255-257 
multimodal polymer-based tactile, 469-471 
Parylene surface micromachined pressure, 
463-467 
piezoresistive, 231-262 
polymer piezoelectric tactile, 292-293 
pressure, 146-151, 252-257, 463-467 
PZT piezoelectric acoustic, 289-292 
resonance mode pressure, 345-346 
rotational acceleration, 6 
sensitivity, 19, 146, 154,252, 519 
tactile, 154-156, 254-257, 292-293, 469-471 
thermal transfer shear stress, 206-213 
ZnO piezoelectric force, 280-281 
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Shape anisotropy, 310, 321 
Shape memory polymers, 461 
Shear modulus of elasticity, 87, 106 
Shear stress in engine oil, 485 
Sheet resistivity, 78 
example of, 78-79 
Shot noise, 20 
Shrinkable polystyrene film, 461 
Signal-to-noise ratio (SNR), 435 
Silicon, 3, 34, 36, 43, 49-55 
amorphous, 49 
boron-doped, 74,216 
forms of, 3 
Poisson’s ratio of, 89 
Seebeck coefficient of, 195 
as semiconductor material, 72 
Young’s modulus of, 79 
Silicon accelerometer with Parylene beam, 461—463 
Silicon anisotropic etching, 43, 351-388 
Silicon-based MEMS processes, 49-55 
Silicon carbide, 58, 72 
Silicon dioxide, 41, 398 
Silicon micromachining technology, 3 
Silicon nitride, 393, 398 
Silicon wafer process, 33, 37, 45 
Single-crystal silicon, 247-250 
Single-crystal silicon piezoresistive 
accelerometers, 247-250 
Single-unit recording, 35 
Soft bake, 52 
Soft magnets, 304, 309 
Solder bonding, 47 
Specific heat, 182 
Spring constants, 99-103 
active tuning of, 115-116 
defined, 99 
Squeezed film damping, 114 
Stable transitional profiles, 356, 370 
Stators, 128, 318 
Step-and-repeat process, 35 
Stepper, 35 
Stiction methods, 402—403 
Stiffness matrix, 93 
Stoney’s formula, 110 
Strain, 82, See also Stress and strain 
normal, 84-85 
Stress 
defined, 84-87 
in flexural cantilevers, 238-244 
fluid shear, 484 
intrinsic, 106 
in membrane, 244-246 
normal, 85 
Stress and strain, 82-93 
definitions of, 84-87 
general scalar relation between tensile stress 
and strain, 87-89 
general stress-strain relations, 91-93 
mechanical properties of silicon/related thin 
films, 89-91 
Newton’s laws of motion, 82-84 
stiffness matrix, 92-93 
Stringency tests, 479 
SU-8, 453 
Surface acoustic wave (SAW), 295-296 
Surface finish and defects, etching, 61 
Surface force, 14, 127 
Surface micromachined hinged structures, 394-395 


Surface micromachined piezoresistive pressure 
sensor, 252-254 
Surface micromachining, 33, 37, 55, 289-294 
basic process, 289-294 
foundry process, 12 
design rules, 12 
magnetic assisted three-dimensional 
assembly, 316 
micromotor fabrication process 
first pass, 390-391 
second pass, 391-392 
third pass, 392-393 
plastic deformation magnetic assembly 
(PDMA), 204 
sacrificial etch, acceleration of, 400-401 
sacrificial etching process, 389-390 
stiction and antistiction methods, 402—403 
structural and sacrificial materials, 395—400 
material selection, 395-396 
thin films by low-pressure chemical vapor 
deposition, 396-399 
Surface profilometer, 64 
Surface-tension driven flow, and fluid movement 
in channels, 483 
Suspended beams and plates, 412 
Suspended membranes, 418 
Sylgard Silicone Elastomer (Dow Corning), 498 


Tactile sensors, 154, 231, 254-258, 292-293, 469-471 
Technology CAD, 440 
Teflon, 129, 460 
Temperature coefficient of resistance (TCR), 
196-197, 237 
Temperature sensing, 176, 195-196, 217 
Tesla, 304, 306, 308 
Tetramethyl ammonium hydroxide (TMAH), 
256, 372 
Texas Instruments, 5, 7, 11, 130,377 
Digital Light Processing (DLP) chip (Texas 
Instruments), 5 
DMD chip, 8, 130 
Thermal accelerometer, with no moving mass, 
200-201 
Thermal actuation, 177, 187, 333, 346 
Thermal actuators, 177 
with a single material, 191-193 
Thermal bimetallic actuation, 187-188, 438 
Thermal bimorph actuation, 176 
advantages/disadvantages of, 188 
Thermal bimorph principle, 184-191 
Thermal conduction, 178-180 
Thermal couples, 193-196 
Thermal domain, 16 
Thermal elastic energy dissipation (TED), 305 
Thermal expansion 
linear expansion coefficient, 182-183 
sensors and actuators based on, 176, 182-193 
volumetric thermal expansion coefficient 
(TCE), 182-183 
Thermal-mechanical noise, 340, 463 
Thermal pile, 195 
Thermal plastic polymers (thermalplasts), 452 
Thermal properties of common materials, 183 
of metal thin films, 184 
Thermal resistance, 179-182, 198 
of a suspended bridge, 181-182 
Thermal resistors, 196-198 
temperature coefficient of resistance (TCR), 196 


Thermal sensing, 17, 176 
Thermal sensing and actuation, 176-221 
Thermal sensors and actuators, 176 
applications, 178-221 
flow sensors, 201-213 
inertia sensors, 199-201 
infrared sensors, 214-217 
other sensors, 217-221 
Thermal setting polymers (thermalsets), 452 
Thermal transfer, fundamentals of, 177-182 
Thermal transfer principle 
accelerometer based on, 199-200 
Thermal transfer shear stress sensor, 206-213 
Thermistor, defined, 197 
Thermistor resistance, example of, 197 
Thermoelectric power, 193, 196 
Thermopower, 193 
Thin-film piezoelectric materials, 270 
Thin film silicon, 3, 5, 90, 463 
Thomson, William, See Kelvin, Lord 
Torque and force output capacity, actuators, 22 
Torsional bars, deformation of, 70, 105-106 
Torsional deflections, 104-106 
Torsional moment of inertia, 105-106 
Torsional parallel-plate capacitive accelerometer, 
144-146 
Transducers, 16-18 
Translational actuator, 157 
Transverse comb drives, 159, 161-162 
Transverse gauge factor, 233 
Transverse piezoresistivity, 233, 237 
Traveling surface acoustic waves 
and fluid movement in channels, 483 
Trench-refill polysilicon technology 
(TRiPs), 416 
Tunable optical mirrors, 8 
Tunneling, 334 
Tunneling accelerometer, 335-336 
Tunneling sensing, 334-336, 340 


Undercut, 43, 352, 356, 361, 389, 395, 401, 426 
Uniform magnetic field, 307-308, 310 
Unstable transitional profiles, 356, 370 
UV-curable PDMS, 457 


Valves, 501-504 
PDMS pneumatic valves, 502-504 
Vertical translational plates, 102-103 
Viscoelastic creep, 452 
Viscosity, 481 
Volumetric thermal expansion coefficient (TCE), 
182-183 


Wafer-to-wafer bonding, 46-47, 490 

Wagon wheel pattern, 373-374 

Wet silicon etch, 52, 142, 247, 252, 351, 355, 379, 
418-419, 438 

Wise, K. D., 496 


Young’s modulus, 86, 89-90, 274 


Zipping motion, 157 
ZnO material, 280-284 
aluminum nitride (AIN), 282-285 
ZnO piezoelectric actuator, 281-284 
ZnO piezoelectric force sensor, 280-281 
ZnO thin films, 401 


